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This report is presented in 4 Volumes. The content of these volumes 

is as follows: 

This ~ol~_~ 

Volume I - Sections 1.0 - 3.0 

1.0 Introduction 

2.0 Summary of Results 

3.0 Northrup Heliostat Description 

Volume II - Sections 4. 0 - 8.0 

4.0 Manufacturing 

5.0 Transportation 

6.0 Field Assembly and Installation 

7.0 Maintenance 

8.0 Cost Estimates 

Volume III - Appendices A - E 

A. Bill of Materials 

B. Part Drawings (Subassemblies) 

C. Assembly Drawings 

D. Trade Studies 

E. System Studies 

Volume IV - Appendices F - J 

F. Control Software 

G. Test Results 

H. Manufacturing 

I. Specification S-lOl 

J. Specification 5-102 

LEGAL NOTICE 

This report was prepared as an account of Government sponsored 
work. Neither the United States, nor the DOE, nor any person 
acting on behalf of the DOE: 

a. Makes any warranty or representation, express or implied, with 
respect to the accuracy, completeness, or usefulness of the infor
mation contained in this report, nor that the use of any information, 
apparatus, method, or process disclosed in this report may not 
infringe privately owned rights; or 

b. Assumes any liabilities with respect to the use of, or for 
damages resulting from the use of any information, apparatus, 
method, or process disclosed in this report. 
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9.1 BILL OF MATERIALS (APPENDIX A) 

The following series of tables provide the bill of material for 

the Northrup he1iostat. Specifically, the table numbers and material 

lists are as follows: 

Table A-1 Northrup II He1iostat Assembly Bill of Materials 

Table A-2 Mirror Module Bill of Materials 

Table A-3 Rack Truss Bill of Materials 

Table A-4 Drive Unit Bill of Materials 

Table A-5 Electronics Rack Bill of Materials 

Table A-6 Pedestal Bill of Materials 

Table A-7 Limit Switch Bill of Materials 

Table A-8 Heliostat .Electronics Bill of Materials 

A-I 



PART NUMBER 

12-010 

12-100 

12-200 

12-300 

12-400 

12-500 

12-600 

12-700 

0011 

0012 

0013 

0014 

0015 

0016 

0017 

0018 

0019 

0021 

TABLE A-I 

12-010 

NORTHRUP II HELIOSTAT ASSEMBLY BILL OF MATERIALS 

DESCRIPTION 

NORTHRUP II HELIOSTAT ASSEMBLY 

MIRROR MODULE ASSEMBLY 

RACK TRUSS ASSEMBLY 

DRIVE UNIT ASSEMBLY 

ELECTRONICS RACK ASSEMBLY 

PEDESTAL ASSEMBLY 

HELIOSTAT LIMIT SWITCH ASSEMBLY 

HELIOSTAT ELECTRONICS 

STEPPER MOTOR; pIN M112-FJ327 
SUPERIOR ELEC CO. BRISTOL CUNN. 

FLEXIBLE COUPLING; pIN L-070 
LOVEJOY INC., DOWNERS GROVE, ILL. 

KEYWAY STOCK; .1875" SQUARE X 1.25" LONG 
CARBON STEEL 

BOLT, HEX HEAD; 1/4-20 UNC-2A x 1~" LG 
ZINC PLATED CARBON STEEL· 

LOCKWASHER; ~" BOLT SIZE, ZINC PLATED, 
CARBON STEEL 

NUT, HEX; 1/4 - 20 UNC -2B 
ZINC PLATED CARBON STEEL 

STun - DRIVE TO PEDESTAL; 
5/8 - 11 UNC - 2A X 3.5" LG 
ZINC PLATED CARBON STEEL 

LOCKWASHER; 5/8" BOLT SIZE 
ZINC PLATED CARBON STEEL 

NUT, HEX; 5/8 - 11 UNC 2B 
ZINC PLATED CARBON STEEL 

STun, MIRROR MOUNT; 3/8-24 UNF-2A x 4.0" LG 
ASTII A 307, ZINC PLATED CARBON STEEL 

A-2 

QUANTITY PER 
HELIOSTAT 

1 

12 

2 

1 

1 

1 

1 

1 

2 

2 

2 

8 

8 

8 

12 

12 

12 

36 



PART NUMBER 

0022 

0023 

0024 

0025 

0026 

0027 

0028 

0029 

0031 

0032 

0033 

. 
0034 

0035 

0036 

0037 

0038 

TABLE A-I (Continued) 

12-010 

NORTHRUP II HELIOSTAT ASSEMBLY BILL OF MATERIALS 

DESCRIPTION 

FLAT WASHER; 3/8" BOLT SIZE, 
ZINC PLATED CARBON STEEL 

JAM NUT, HEX; 3/8-24 UNF-2B 
ZINC PLATED CARBON STEEL 

SPHERICAL NUT-WASHER; 3/8-24 UNF-2B 
PART f1H19300-6 
KAYNAR CORP, FULLERTON, CALIF. 

BOLT HEX HEAD; 5/16-24 UNF - 2A 
X LO" LONG, ZINC PLATED CARBON STEEL 

FLATWASHER; 5/16" BOLT SIZE, 
ZINC PLATED CARBON STEEL 

GASKET, LONG; 5/32" x 1" WIDE x 26" LG 
SPONGE RUBBER ADHESIVE BACK, 
MCt1ASTER-CARR #1117A13 

GASKET, SHORT; 5/32" x 1" WIDE X 10.8" LG 
SPONGE RUBBER ADHESIVE BACK, 
MCMASTER-CARR #1117Al3 

NUT,HEX; #10-32 UNF-2B 
ZINC PLATED CARBON STEEL 

CLANP-LOOP, CUSHIONED; 1/2", PiN S370-8 
UMPCO INC., GARDEN GROVE, CALIF. 

CLAMP-LOOP CUSHIONED; 3/8", PiN S370-6 
UMPCO INC., GARDEN GROVE, CALIF 

CLANP-LOOP, CUSHIONED; 3/4" PiN S370-12 
UMPCO INC., GARDEN GROVE, CALIF 

BOLT, HEX HEAD; NO 10-32 UNF -2A 
x 3/4" LG ZINC PLATED CARBON STEEL 

FLAT WASHER; #10 BOLT SIZE 
ZINC PLATED CARBON STEEL 

CO~~ECTOR, STRAIN RELIEF; PIN TB 2521 
RYALL ELECTRIC, DENVER, COLO. 

NUT,CONNECTOR; PiN BL 50 
RYALL ELECTRIC, DENVER, COLO. 

CONNECTOR, STRAIN RELIEF; PiN TB2523 
RYALL ELECTRIC, DENVER, COLO. 

A-3 

QUANTITY PER 
HELIOSTAT 

72 

36 

72 

16 

16 

2 

2 

4 

3 

2 

1 

1 

1 

3 

2 

1 



PART NUMBER 

0039 

0041 

0043 

0044 

0045 

0046 

0047 

0048 

0049 

0051 

Table A-I (Continued) 

12-010 

NORTHRUP II HELIOSTAT ASSEMBLY BILL OF MATERIALS 

DESCRIPTION 

CONNECTOR, STRAIN RELIEF; PiN TB 2535 
RYALL ELECTRIC, DENVER, COLO. 

NUT, CO~~ECTOR; PiN BL75 
RYALL ELECTRIC, DENVER, COLO. 

ACCELERATOR #TS-3108-37 
HUGHSON CHEMICALS, ERIE PA. 

STRUCTURAL ADHESIVE; VERSILOK 204 
HUGHSON CHEMICALS, ERIE, PA. 

PRIMER; #9924, HUGHSON CHEMICALS 
ERIE, PA. 

PAINT; WHITE POLYURETHANE CHEMGLAZ 
IfA276 HUGHSON CHEMICALS, ERIE, PA. 

CONNECTOR, ~" - 900 SQUEEZE TYPE BOX; 
PiN TB268 RYALL ELECTRIC, DENVER, CO. 

CONNECTOR, ~" - TWO SCREW BOX; 
PiN TR3312 RYALL ELECTRIC, DENVER, CO. 

CABLE TIE; FIN PLT 2M-CP RYALL ELECTRIC, 
DENVER, COLO OR EQUAL 

# 8 x 3/4" LG HEX HEAD THREAD FORMING SCREW; 
PiN 90060A197 MCMASTER-CARR CHICAGO, ILL. 

A-4 

QUANTITY PER 
HELIOSTAT 

2 

2 

.1 oz 

2 oz 

1 Pint 

1 Pint 

1 

1 

12 

1 



PART 
NUMBER 

0100 

0103 

0105 

0106 

0107 

0108 

0110 

0115 

0116 

0120 

0121 

0130 

0131 

0132 

0140 

0141 

Table A-2 

12-100 

MIRROR MODULE BILL OF MATERIALS 

DESCRIPTION 

MIRROR MODULE 

CENTER MOULDING; DIE NO. 1111-EPDM 
CO}WOUND BC-0-630~ LAUREN MFG. CO., 
NEW PHILADELPHIA, OHIO 

EDGE MOULDING, LONG; SH .. 022" x .75" x 
72.25" GALVANNEALED STEEL, ASTM AS27 

EDGE MOULDING, SHORT; SH .022" x .75" x 
47.50" GALVANNEALED STEEL, ASTM AS27 

EDGE MOULDING CORNER; SH .022" x .75" x 1.8" 
GALVANNEALED STEEL ASTM AS27 

CENTER MOULDING COVER; SH .022" x .75" x 
49.75" GALVANNEALED STEEL, ASTM A527 

MIRROR-SUPPORT STRUCTURE ASSEMBLY 

MIRROR FACET; .094" TRK x 48.0" x 72.0" 
GARDNER MIRROR CORP. NORTH WILKESBORO, N.C. 

MIRROR BACKING SHEET; .028" x 48.0" x 
144. 32" GAL V A}..TNEALED STEEL ASTI1 AS 2 7 

OUTER FRAME ASSEHBLY 

OUTER FRAME WEB; .022" x 4.0" x 32 ft 
GALVANNEALED STEEL PER ASTM A527 

WEB ASSEMBLY 

WEB; GALVANNEALED SHEET .022" x 4.0" x 
144.16" PER ASTM A527 

STIFFENER; GALVANNEALED STEEL .078" x 2.0" 
x 3.12" PER ASTM AS27 

STUD MOUNT ASSEMBLY 

RECTANGULAR STRUCTURAL TUBING; 
CARBON STEEL .120" w x 1.5" x 2.0" 
x 48.0" PER ASTM A500 

A-5 

QUANTITY PER QUANTITY PER 
MODULE HELIOSTAT 

12 

4 ft 48 ft 

4 48 

2 24 

4 48 

1 12 

1 12 

2 24 

1 12 

1 12 

1 12 

5 60 

5 60 

14 168 

2 24 

2 24 



PART 
NUMBER 

0142 

0151 

0152 

0153 

0154 

0156 

0158 

0161 

0162 

0170 

0171 

Table A-2 (Continued) 

12-100 

MIRROR MODULE BILL OF MATERIALS 

DESCRIPTION 

FLOATING NUT PLATE; PART #F5001-6 
KAYNAR MFG. CO. INC., FULLERTON, CALIF. 

RIVET; 1/8" DIA x 1/4" GRIP TYPE MD-BS 
USM CORP. POP RIVET DIV. SHELTON, CONN. 

STRUCTURAL ADHESIVE; VERSILOK 204 
HUGHSON CHEMICALS, ERIE PA. 

ACCELERATOR #TS-3108-37; HUGHSON CHEMICALS 
LORD CORP., ERIE, PA. 

DIHETHYL SILICONE; #4 CQ}1POUND DOW CORNING 
CORP. MIDLAND, MICH. 

RUBBER ADHESIVE; #15160A ST CLAIR RUBBER 
CO., DETROIT, MICH. 

RTV SILICONE, WHITE; PiN 102 
GENERAL ELECTRIC CO. INC. 

PRIHER; 119924, HUGHSON CHEMICALS 
ERIE, PA. 

PAINT; WHITE POLYURETHANE CHEMGLAZ 
#A276 HUGHSON CHEMICALS, ERIE, PA 

SUB-STRATE ASSEMBLY 

SUB-STRATE BACKING SHEET; 
.022 x 48.0 x 144.32 GALVANNEALED 
STEEL ASTM A527 

A-6 

QUANTITY PER QUANTITY PER 
HODULE HELIOSTAT 

4 48 

14 168 

.5 1b 6 1b 

1 oz 12 oz 

14 oz 10.5 1b 

1/2 oz 6 oz 

6 oz 4.5 

1 Qt 3 Gal 

1 Qt 3 Gal 

1 12 

1 12 



PART 
NUMBER 

0200 

0201 

0202 

0210 

0220 

0221 

0222 

0223 

0224 

0225 

0226 

0227 

Table A-3 

12-200 

RACK STRUCTURE BILL OF MATERIALS 

DESCRIPTION 

RACK ASSEMBLY 

TRUSS CROSS BRACE; ANGLE 1" xl" x ~" 
x 91.0" LONG ASTM A 36 STEEL 

TRUSS LOWER BRACE; ANGLE 1" x 1" x ~" 
x 90.0" LONG ASTM A 36 STEEL 

TRUSS ASSEMBLY; PART #0-272624 
BUTLER MFG. CO., KANSAS CITY, MO. 

TORQUE TUBE ASSEMBLY 

TORQUE TUBE FLANGE; PLATE 
3/4" x 16.0" x 16.0" ASTM A36 STEEL 

TORQUE TUBE SUPPORT BRACKET; 
.090" x 28.0" x 39.0" ASTM A366 STEEL 

RIVET; ~" DIA X 5/8" GRIP TYPE MD-BS 
USM CORP., POP RIVET DIV., ,SHELTON, CONN.· 

PIPE - TORQUE TUBE; 12 3/4" 00 x .250" 
WALL X 111.0" LG ASTM A53 GRB 

RIVET; ~" DIA X 3/8" GRIP TYPE MD-BS 
USM CORP., POP RIVET DIV., SHELTON, CONN 

PRIMER; #9922 HUGHSON CHEMICALS, ERIE, PA. 

PAINT, POLYURETHANE WHITE; 
CHEMGLAZE # A276 
HUGHSON CHEMICALS, ERIE, PA 

A-7 

QUANTITY PER QUANTITY PER 
TRUSS ASSY HELIOSTAT 

2 

4 8 

2 4 

2 4 

1 2 

1 2 

2 4 

2 4 

1 2 

16 32 

1/2 Gal 1 Gal 

1/2 Gal 1 Gal 



PART NUMBER 

PS12-301 

D-651137-2 

D-651137-16 

651137-83 

651137-80 

651137-85 

15118 

13336 

11870 

651137-84 

651137 -86 

11109 

651137-58 

15710 

11210 

11208 

10548 

20314 

11868 

12281 

12242 

5908 

10241 

10240 

20313 

651137-67 

651137-63 

20311 

20312 

651137-56 

651137-55 

651137-54 

651137-72 

Table A-4 
12-300 

DRIVE UNIT BILL Of i;",\~ERIALS 

DESCRIPTION 

PROCUREMENT SPEC-DRIVE UNIT, SOLAR HELIOSTAT 

AZIHUTH & ELEVATION DRIVE ASSEHBLY 

ELEVATION DRIVE ASSEMBLY 

MOTOR ADAPTER 

PLANETARY PINION SHAFT 

GITS EXPANSION CHAMBER #LO - 1487 

KEY - 3/16 x 3/16 x 1" LG 

1/4 LOCKWASHER - ZINC PLATED 

1/4 ~ 20 x 3/4 LG. HEX HD. BOLT - ZINC 

MOUNTING PLATE - EXPANSION CHAMBER 

1/8 COPPER TUBE 18" LONG 

1/8 WEATHERHEAD ELBOW #69 x 4 

CLAMPING DISC 

KEY - 1/2 x 1/2 x 7/8 LG 

1/2 PIPE PLUG - ZINC PLATED 

1/4 PIPE PLUG - ZINC PLATED 

1/4 x 1" LG. SPIROL PIN 

TORRINGTON NEEDLE BEARING - J-1012 

3/8 - 16 x 1 1/4 LG. HEX RD. BOLT - ZINC 

3/8 - 16 x 1" LG. SOCKET RD. CAP SCREW 

1/4 - 20 x 3/4 LG. SOCKET RD. CAP SCREW 

OIL SEAL C/R 13650 

SPIROLOX RETAINING RING - RRN - 212 

SPIROLOX RETAINING RING - RSN - 112 

HRC BALL BEARING R - 18 

GASKET PLANETARY 

GASKET-PLANETARY 

TIMKEN CONE HM 911245 

TIMKEN CUP HM 911210 

JOURNAL PIN 

PLANET GEAR 

PLANETARY PINION 

SECONDARY RING GEAR 

A-8 

QUANTITY 
PER DRIVE UNIT 

1 

1 

1 

1 

1 

1 

8 

8 

1 

1 

2 

1 

1 

4 

3 

12 

4 

6 

8 

12 

2 

1 

1 

1 

1 

1 

2 

2 

2 

2 

1 

1 



· PART NillffiER 

651137-71 

651137-52 

651137-57 

651137-51 

651137-50 

651137-59 

30178 

30177 

651137-70 

13339 

13338 

13337 

11878 

11879 

11871 

651137-66 

651137-65 

651137-64 

20315 

651137-60 

651137-41 

651137-44 

651137-43 

651137-42 

651137-40 

Table A-4 (Continueci) 
12-300 

DRIVE UNIT BILL OF MATERIALS 

DESCRIPTION 

PRIMARY RING GEAR 

PLANETARY FRAME 

PLANETARY GEAR WEB 

PLANETARY COVER 

PLANETARY HOUSING 

HIGH SPEED WORl1 

NATIONAL OIL SEAL 509756 SIR 

DOWTY "0" RING ARP 568 -920 

SPACER 

5/8 LOCKWASHER - ZINC PLATED 

1/2 LOCKWASHER - ZINC PLATED 

3/8 LOCKWASHER - ZINC PLATED 

5/8 - 11 x 2 1/2 LG. HEX RD. BOLT-ZINC 

1/2-13 x 1 3/4 LG. HEX HD. BOLT - ZINC 

3/8 - 16 x I" LG. HEX RD. BOLT - ZINC 

GASKET - ELEVATION - INNER RING 

GASKET - ELEVATION - OUTER RING 

GASKET - ELEVATION - OUTER RING 

KAYDON BALL BEARING - KG 160 XPO 

WORl1 SUPPORT - ELEVATION 

S.S. GEAR - ELEVATION 

S.S. BEARING - INNER CLAMP RING 

S.S. BEARING - OUTER CLAMP RING 

S.S. BEARING - RETAINING RING 

ELEVATION HOUSING 

A-9 

QUANTITY 

PER DRIVE UNIT 

1 

1 

1 

1 

1 

1 

4 

2 

24 

24 

12 

11 

24 

12 

5 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 



PART NUMBER 

D-651137-17 

651137-87 

651137-83 

651137-80 

I 15118 

13336 

11870 

651137-73 

651137-58 

11208 

11868 

12281 

12242 

10548 

20314 

10241 

10240 

20313 

20311 

20312 

651137- 56 

651137-63 

651137-67 

5908 

15710 

651137-54 

651137-72 

651137-71 

651137-55 

651137-52 

651137-57 

651137-51 

651137-50 

561137-59 

Table A-4 (Continued) 
12-300 

DRIVE UNIT BILL OF MATERIALS 

DESCRIPTION 

AZIMUTH DRIVE ASSEMBLY 

DUST SHIELD 

MOTOR ADAPTER 

PLANETARY PINION SHAFT 

KEY 3/16 x 3/16 x l"LG 

1/4 LOCKWASHER - ZINC PLATED 

1/4 - 20 x 3/4 LG. - ZINC PLATED 

PLUG - AZIHUTH GEAR 

CLAMPING DISC 

1/4 PIPE PLUG - ZINC PLATED 

3/8 - 16 x 1 1/4 LG HEX HD. BOLT - ZINC 

3/8 - 16 x 1" LG. SOC. HD. CAP SCREW 

1/4 - 20 x 3/4 LG. SOC. HD. CAP SCREW 

1/4 x 1" LG. SPIROL PIN 

TORRINGTON NEEDLE BEARING J-1012 

SPIROLOX RETAINING RING RRN - 212 

SPIROLOX RETAINING RING RSN - 112 

HRC BALL BEARING R-18 

TIMKEN CONE HM 911245 

TIMKEN CUP HM 911210 

JOURNAL PIN 

GASKET - PLANETARY 

GASKET - PLAh~TARY 

OIL SEAL - CIR 13650 

KEY 1/2 x 1/2 x 7/8 LG. 

PLANETARY PINION 

SECONDARY RING GEAR 

PRIHARY RING GEAR 

PLANET GEAR 

PLANETARY FRAME 

PLANETARY GEAR WEB 

PLANETARY COVER . 

PLANETARY HOUSING 

HIGH SPEED WORM 

A-10 

QUANTr 
PER DRIVE 

1 

1 

1 

1 

1 

4 

4 

1 

1 

3 

6 

8 

12 

12 

4 

1 

1 

1 

2 

2 

2 

1 

1 

2 

1 

1 

1 

2 

2 

1 

1 

1 

1 

1 



PART NUMBER 

11210 

11209 

30177 

30176 

651137-69 

13338 

13337 

11869 

11871 

651137-62 

20315 

651137-61 

651137-46 

651137-49 

651137-48 

651137-47 

651137-45 

Table A-4 (Continued) 
12-300 

DRIVE UNIT HILL OF MATERIALS 

DESCRIPTION 

1/2 PIPE PLUG - ZINC PLATED 

3/8 PIPE PLUG - ZINC PLATED 

DOWTY "0" RING ARP 568-920 

OIL SEAL - C/R 1550540 

3/4 - 10 x 4" LG. STun - ZINC PLATED 

1/2 LOCKWASHER - ZINC PLATED 

3/8 LOCKWASHER - ZINC PLATED 

1/2 - 13 x 1 3/8 LG. HEX BOLT - ZINC 

3/8 - 16 x 1" LG. HEX RD. BOLT - ZINC 

GASKET AZIMUTH HOUSING 

KAYDON BALL BEARING - KG 160 x PO 

WORM SUPPORT - AZ IMUTH 

S. S. GEAR - AZIMUTH 

S.S. BEARING RETAINING RING 

S.S. BEARING CLAHPING RING 

S.S. COVER - AZIMUTH 

AZIMUTH HOUSING 

A-ll 

QUANTITY 

PER DRIVE UNIT 

1 

1 

1 

2 

6 

12 

27 

12 

21 

1 

1 

1 

1 

1 

1 

1 

1 



PART 
NUMBER 

0400 

0401 

0402 

0403 

0404 

0406 

0407 

0410 

0411 

0412 

0413 

0414 

0420 

0421 

0430 

0431 

0432 

0433 

0440 

Table A-5 
12-400 

ELECTRONICS RACK ASSEMBLY BILL OF MATERIALS 

DESCRIPTION 

ELECTRONICS RACK ASSEMBLY 

FLANGE; .120" THK x 10.84" x 26.00" 
COLD ROLLED STEEL PER ASTM- A366 

SIDE PLATE; .090" TRK x 24.0" x 24.0" 
COLD ROLLED STEEL PER ASTI1-A366 

TOP PLATE; RYERSON pIN 3/4" NO 13-15 
7.29" x 11.62" EXPANDED METAL-FLATTENED 

RACK BRACKET: .090 THK x .75" x 2.0" 
COLD ROLLED STEEL PER ASTM-A366 

CLOSURE PLATE; .030" TRK x 1. 32" x 7.28" 
COLD ROLLED STEEL PER ASTM-A366 

EDGE MOULDING; DIE NO. 1113-EPDM COMPOUND 
BC-0-610 OR BC-0-630 LAURN MFG. CO. 
NEW PHILADELPHIA, OHIO 

LO\iER SHELF ASSEMBLY 

LOWER SHELF; RYERSON PIN 3/4" No. 13-15 
7.28" x 24.0" EXPANDED METAL-FLATTENED 

TOP GUIDE, SHORT; .120" TRK x 1.0" x 4.0" 
COLD ROLLED STEEL PER ASTM-A366 

BOTTOM GUIDE, LONG; 120" TRK x .75" x 22.0" 
COLD ROLLED STEEL PER ASTM A366 

REAR STOP; .120" TRK x 1.0" x 5.5" 
COLD ROLLED STEEL PER ASTM-A366 

CE~7ER SHELF ASSEMBLY 

CENTER SHELF; RYERSON pIN 3/4" NO. 13-15 
7.28" x 22.5'; EXPANDED METAL-FLATTENED 

UPPER SHELF ASSEMBLY 

UPPER SHELF; RYERSON pIN 3/4" No 13-15 
7.28" x 22.5" EXPANDED METAL-FLATTENED 

TOP GUIDE; .120" TRK x 1.0" x 7.25" COLD 
ROLLED STEEL PER ASTM A366 

BOTTON GUIDE; .120" THK x .75" x 7.25" 
COLD ROLLED STEEL PER ASTM-A 366 

DOOR ASSEMBLY 

A-12 

QUANTITY PER 
SUB-ASSEMBLY 

1 

2 

1 

2 

2 

2 FT 

1 

1 

4 

2 

1 

1 

1 

1 

1 

1 

1 

1 

QUANTITY P' 
HELlO STAT 

1 

1 

2 

1 

2 

2 

2FT 

1 

1 

8 

4 

2 

1 

1 

1 

1 

1 

1 

1 



PART 
NillffiER 

0441 

0442 

0443 

0444 

0450 

0451 

0452 

0462 

0463 

0464 

0465 

0466 

0467 

0468 

0469 

0471 

0472 

Table ~-5 (Continued) 

12-400 

ELECTRONICS RACK ASSEMBLY BILL OF MATERIALS 

DESCRIPTION 

DOOR; .090" THK x 9~5" x 25.5" 
COLD ROLLED STEEL PER ASTM-A366 

HINGE; #l577A27 CONTINUOUS, PLAIN 
TYPE STEEL .062" THK x 1~" WIDE X 
3/16" DIA PIN X 24.0" LONG 

RACK BRACKET; .090" THK x 1.0" x 2.0" 
COLD ROLLED STEEL PER ASTM A 366 

DOOR GASKET; #ll17All SPONGE RUBBER 
ADHESIVE BACK WEATHERSTRIP 1/2" WIDE 
X 5/32" THK X 6 FEET LONG 

BREATHER ASSEMBLY 

BREATHER; 3" DIA ALUM MINI PORT 
MCMASTER~:ARR PiN 2016K5 

BREATHER COVER; .022" x 4.0" 
GALVANNEALED STEEL ASTM-A-527 

CAPTIVE THUMB SCREW; 1/4-20 UNC X 
1 1/8" LG, BRASS NICKEL PLATE 
STOCK DRIVE PRODUCTS 
55 S. DENTON AVE 
NEW HYDE PARK, N.Y. 11040 

SPEED NUT; 1/4 - 20 ONC. MCMASTER-CARR 
PIN 90528Al15 OR EQUAL 

CAGE NUT, TYPE J; 1/4-20 ONC, 
MCMASTER-CARR PiN 90679A029 Or EQUAL 

FLAT HEAD MACHINE SCREW; UI0-32 
UNF X 3/4" LG ZINC PLATED STEEL 

LOCKWASHER; #10 BOLT SIZE 
ZINC PLATED STEEL 

JAMB NUT, HEX; UI0-32 UNF 
ZINC PLATED STEEL 

STRUCTURAL ADHESIVE-VERSILOK 201 
HUGHSON CHEMICALS, ERIE, PA. 

ACCELERATOR NO. TS-3108-37 
HUGHSON CHEMICALS, ERIE PA. 

PRIMER; #9924 
HUGHSON CHEMICALS, ERIE PA. 

PAINT; WHITE POLYURETHANE CHEHGLAZ 
#A276 HUGHSON CHL~ICALS, ERIE, PA. 

A-13 

QUANTITY PER QUANTITY PER 
SUB-ASSEMBLY HELIOSTAT 

1 1 

1 1 

2 2 

1 1 

1 1 

1 1 

1 1 

2 2 

2 2 

2 2 

9 9 

9 9 

9 9 

2 OZ 2 OZ 

.2 OZ .2 OZ 

1 QT 1 QT 

1 QT 1 QT 



PART 
NUMBER 

Table A-6 

12-500 

PEDESTAL ASSEMBLY BILL'OF MATERIALS 

DESCRIPTION 

M-10l HELIOSTAT PILE ASSEMBLY 

M-lOl-1 FLANGE;~" x 29.0" x 29.0" CARBON STEEL 
PER AISI 1020 

M-10l-5 SPIRAL WOUND PIPE PER ASTM A 252, GRADE 
2 24.00" OD x .250" WALL X 25 IT LG. 

M-l03 TAPERED LEVELING SHIM; 5/8" x 29.0" x 29.0" 
CARBON STEEL PER AISI 1020, NORMALIZED AT 
11000 F MIN FOR 1 HOUR MIN 

M-104-1 DRIVING STUB ASSY 
FLANGE; ~" x 23.0" LD. x 28.5" O.D. 
CARBON STEEL AISI 1020 

PIPE; 24.0" O.D. x .25" WALL x 12.0" LG 
SPIRAL WOUND PIPE PER ASTM A252 GR 2 

M-104-3 FLANGE COVER; EXTERIOR GRADE C/D PLYWOOD 
3/4" x 23.0" ID x 28.5" OD 

M-104-5 COVER PLATE; 3/8" x 10.81" x 26.0" CARBON 
STEEL PER AlSI 1020 

M-105 FLANGE; ELECTRONIC OPENING; 5/8" x 10.81" 
x 26.0" CARBON STEEL PER AISI 1020 

SPECIFICATIONS 

M-102 HELIOSTAT PILE INSTALLATION 
. 

S-101 INSTALLATION OF PPEN END PIPE PILES 

QUANTITY PER QUANTITY PER 
SUB-ASSEMBLY HELIOSTAT 

1 

1 

1 

2 

1 1 per 10 
Heliostats 

1 

1 

1 per 10 
He1iostats 

1 

S-102 SURFACE PREPARATION, APPLICATION AND INSPECTION OF 
PROTECTIVE COATINGS FOR CARBON STEEL HELIOSTAT PILES 
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PART 
NUMBER 

0600 

0601 

0610 

0611 

0620 

0621 

0630 

0631 

0640 

0641 

0661 

0662 

0663 

0664 

0665 

0666 

0667 

0668 

Table A-7 
12-600 

HELIOSTAT LIMIT SWITCH BILL OF MATERIALS 

DESCRIPTION 

ELEVATION ~ LIMIT SWITCH ASSEMBLY 

ELEVATION LIMIT SWITCH BP~CKET 
1.0" x 2.0" x 6.5" FLAT CRS 1018 ASTM-A-108 

CW ACTUATOR ASSEMBLY 

CW ACTUATOR BRACKET; 
.120" x 2.5" x 3.75 11 CRS PER ASTM-A366 

CCW ACTUATOR ASSEMBLY 

CCW ACTUATOR BRACKET; 
.12011 x 2.5 11 X 3.75 11 CRS PER ASTM-A366 

WEST AZIMUTH SWITCH ASSEMBLY 

WEST AZIMUTH LIMIT SWITCH BRACKET; 
.120rt x 2.5 11 x7.211 CRS PER ASTM-A366 

EAST AZIMUTH SWITCH ASSEMBLY 

EAST AZIMUTH LIMIT SWITCH BRACKET; 
.120" x 2.5" x 7.211 CRS PER ASTM-A366 

LIMIT SWITCH SPACER; 1/8 11 THICK ; 
HIGH IMPACT STYRENE OR EQUAL 

FLAT HEAD MACHINE SCREW; 116-32 U,.-lF-2A 
x 3.0" LG-ZINC CHROMATE PLATED 

NUT, HEX; 116-32-UNF-2B 
ZINC CHROMATE PLATED 

LOCKWASHER, SPLIT; 116 SCREW 
SIZE-ZINC PLATED 

FLAT HEAD MACHINE SCREW; 116-32 UNF-2A 
x 2.011 LG-ZINC CHROMATE PLATED 

PLAIN THUMB SCREW; PART 117137S1 
R.A.F. ELECTRONIC HWP,INC., STRATFORD, CONN 

NUT HEX; 1110-32 UNF-2B 
ZINC CHROMATE PLATED 

MICRO SWITCH; PIN BZ-2RDS725551-A2 
MINNEAPOLIS-HONEYWELL, FREEPORT, ILL 

A-IS 

QUANTITY PER QUANTITY PER 
SUB-ASSEMBLY HELIOSTAT 

1 

1 1 

1 2 

1 2 

2 

1 2 

1 

1 1 

1 

1 1 

2 4 

4 4 

4 8 

4 8 

2 4 

2 8 

4 8 

2 6 



PART NUMBER 

0669 

0671 

0672 

Table A-7 (Continued) 

12-600 
HELIOSTAT LIMIT SWITCH BILL OF MATERIALS (Continued) 

DESCRIPTION 

MICRO SWITCH; PIN BZ-2RDS?551-A2 
MINNEAPOLIS-HONEYWELL, FREEPORT, 
ILLINOIS 

PRIMER; #9924- HUGHSON CHEMICALS, 
ERIE PA 

PAINT: POLYURETHANE WHITE CHEM 
GLAZE #A276- HUGHSON CHEMICALS, 
ERIE, PA 

A-16 

QUANTITY 
PER 

SUB-ASSEMBLY 

2 

AS REQUIRED 

AS REQUIRED 

QUANTITY 
PER 

HELlO STAT 

8 

1 PINT 

1 PINT 



PART NUMBER 

12-710 

12-720 

12-730 

12-740 

12-750 

12-760 

QUAN 

1 

1 

1 

1 

1 

1 

2 

1 

1 

3 

1 

10 

1 

1 

1 

6 

2 

2 

2 

1 

1 

1 

2 

1 

Table A-8 

12-700 

HELIOSTAT ELECTRONICS BILL OF MATERIAL 

DESCRIPTION 

HELIOSTAT CONTROL ELECTRONICS 

HELIOSTAT MANUAL CONTROL BOX 

HELIOSTAT WIRE HARNESS 

HELIOSTAT WIRING DIAGRAM 

HELIUSTATCONTROLLER SOFTWARE 

DRIVER CONTROLLER ASSB1BLY 

12-710 

HELIOSTAT CONTROL ELECTRONICS BILL OF MATERIAL 

DESCRIPTION 

Processor 

I/O Timer 

ACIA 

EROM 

Baud Gen 

Line Driver 

Line Rovr 

Inverter 

Timer 

Capacitors 

Capacitor 

Capacitors 

Crystal 

Crystal 

Resistor Pk 

Resistors 

Resistors 

Resistors 

Resistors 

Resistor 

Resistor 

Power Supply 

Translators 

Housing 
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MFG. .--
Syn. 

Syn. 

Mot. 

Intel 

Mot 

TI 

TI 

TI 

Nat. 

Northrup 

Superior 

Hoffman 

QUANTITY 
PER HELIOSTAT 

1 

1 per 10 
He1iostats 

1 

AS REQD. 

AS REQD. 

1 

PART NO. 

6502 

6532 

6850 

2716 

14411 

75110 

75108 

5404 

LM 555 

10uf lOv 

22pf 50v 

.1uf 50v 

IMhz 

1.843 Mhz. 

2.2k 

220 ohm 1/4w 

100 ohn 1/4w 

1k 1/4w 

470 ohm 1/4w 

lOOk 1/4w 

15m 1/2w 

TBM 105- 1218 

AI008HAL 



QUAN 

1 

3 

1 

2 

2 

2 

2 

1 

1 

1 

1 

2 

2 

1 

1 

2 

2 

56 

56 

Table A-8 (Continued) 

12-710 

HELIOSTAT COlifROL ELECTRONICS BILL OF MATERIAL (Continued) 

DESCRIPTION 

PC board 

Isolators 

Fan 

CONNECTORS 

ss3 boot 

ss3 grommet 

ss3p plug 

ss3s recpt. 

ss4p plug 

ss4s recpt. 

ss7p plug 

ss7s recpt. 

ss8p plug 

ss8s recpt. 

_ss9p plug 

ss9s recpt. 

ss10p plug 

ss10s recpt. 

pins 

sockets 

MFG. 

Augat 

Mot. 

Pam l-totor 

ITT Cannon 

A-18 

PART NO. 

12-0701 

4n33 

4666XP 

317-1398-000 

351-1641-000 

120-1808-000· 

120-1805-000 

120-1809-000 

120-1806-000 

120-1873-000 

120-1874-000 

120-1865-000 

120-1866-000 

120-1867-000 

120-1868-000 

120-1869-000 

120-1870-000 

030-2196-001 

030-1267-001 



Table A-8 (Continued) 

12-720 

HELIOSTAT MANUAL CONTROL BOX BILL OF MATERIALS 

PART NUMBER DESCRIPTION QUANTITY 
PER BOX 

7404 IC1 1 

555 IC2 1 

6502 IC3 1 

2716 OR 2758 IC4 1 

6532 IC5 1 

75110 IC6 1 

C1 CAPACITOR, 80 Pf 1 

C2 CAPACITOR, 180 Pf, 1 

C3, C4 CAPACITOR, 10 uf, 2 

C5, C6 CAPACITOR, 3 uf 2 

C7, C8 CAPACITOR, 2200 2 

Rl, R2 RESISTOR, 470 J'\- 2 

R3 RESISTOR, 4.7k 1 

R4 RESISTOR, 10 k 1 

RS,R6,R7,R8,Rl2 RESISTOR, 2.2 k 5 

R9, R11 RESISTOR, 220.rt... 2 

Sl,S2,S3,S4,S5 SWITCH 5 

CRI DIODE BRIDGE 1 

T1 TRANSFORMER 1 

LM340T VOLTAGE REGULATOR, VR1 1 

LM320T VOLTAGE REGULATOR, VR2 I 

Xl CRYSTAL, 1 MHZ I 
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Table A-8 (Continued) 

12-730 

HELIOSTAT WIRE HARNESS BILL OF MATERIAL 

QUANTITY 
PART NUMBER DESCRIPTION PER HELIOSTAT 

14 GAUGE STRANDED WIRE; INTRA-RACK 22 FT 

A-20 



Table A-8 (Continued) 

12-740 

HELIOSTAT WIRING DIAGRAM 

QUANTITY 
PART NUMBER DESCRIPTION PER HELIOSTAT 

14-7 CABLE, TYPE SO NEOPRENE; 20 FT 
ELEVATION MOTOR 

14-7 CABLE, TYPE SO NEOPRENE; 15 FT 
AZIMUTH MOTOR 

18-8 CABLE, TYPE SO NEOPRENE; 22 Fr 
SAFETY LIMIT SWITCH 

22-8 CABLE, TYPE SO NEOPRENE; 22 FT 
LIMIT SWITCH 

16-3 CABLE, TYPE SO NEOPRENE; 10 FT 
POWER SUPPLY 

22-4 CABLE, 2 TWISTED SHItLDED PAIR 10 FT 
TYPE SO NEOPRENE; DATA BUS 
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Table A-8 (Co~tinued) 

12-750 
,r') 

HELIOSTAT SYSTEM~CONTROLLER EQUIPMENT 

QUANTITY 
PART NUMBER DESCRIPTION PER FIELD 

0750 HELIOSTAT CONTROLLER EQUIPMENT AS REQD 

0751 PLOTTER; pIN 9812B 
HEWLETT PACKARD, FORT COLLINS, CO 1 

0751a INTERFACE CABLE; pIN 98034A 
HEWLETT PACKARD, FORT COLLINS, CO 1 

0752 TERMINAL/PRINTER; PIN 2621P 
HEWLETT PACKARD, FORT COLLINS, CO. 1 

0753 EXPANDER; pIN 9878 I/O 
HEWLETT PACKARD, FORT COLLINS, CO. 1 

0753a INTERFACE CABLE; pIN 98036A OPTION 001 
HEWLETT PACKARD, FORT COLLINS, CO. 1 

0753b TIME CLOCK; pIN 98035A 
HEWLETT PACKARD, FORT COLLINS, CO. 1 

0754 CALCULATOR; PIN 9825 
HEWLETT PACKARD, FORT COLLINS, CO 1 

0754a INTERFACE CABLE; pIN 98036A (STD) 
HEWLETT PACKARD, FORT COLLINS, CO. 1 

0755 DISK DRIVE; PIN 9885 
HEWLETT PACKARD, FORT COLLINS, CO. 1 

0756 LINE VOLTAGE REGULATOR; PIN 70303 
TOPAZ ELECTRONICS, SAN DIEGO, CA. 1 
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Table A-8 (Continued) 

12-760 

DRIVER CONTROLLER ASSEMBLY 
QUANTITY 

PART NUMBER DESCRIPTION PER FIELD 

1488 IC1 1 

1489 IC2 1 

4N33 ISOLATOR IC3, IC4 2 

75108 IC5 1 

75110 IC6 1 

C1,C3,C5,C7 CAPACITOR 3 uf 4 

C2,C4,C6,C8 CAPACITOR, 2200 4 

R1, R4 RESISTOR, 220 """ 2 

R2,R3 RESISTOR, 470-,,- 2 

R5 RESISTOR, IK I 

R6 ,R7 ,R8 ,R9 RESISTOR, 200 4 

LM340T VOLTAGE REGULATOR, VR2, VR3 2 

LM320T VOLTAGE REGULATOR, VR1 I 

CRI, CR2 DIODE BRIDGES 2 

TRIAD F-l12x TRANSFORMER 14vct, T1, T2 2 
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9.2 Part Drawings (Subassemblies) (Appendix B) 

Major subassemblies of the Northrup II he1iostat include: 

a. Northrup PIN 12-100 Mirror Module 

b. Northrup P~N 12-200 Rack Truss 

c. Winsmith PIN D-651137-2 Drive Unit 

d. Bechtel PiN M-102 Pedestal 

e. Northrup PIN 12-710 Control Electronics 

f. Northrup PIN 12-750 System Controller Equipment 

Portions of the drawings defining these subassemblies are included in 

this section in the following order. 

a. Mirror Module PiN 12-100 
Figure 
BI,B2,B3 

b. Rack Structure PiN 12/200 B4 

c. Drive Unit PIN D2 B5 

d. Pedestal Pile Installation PiN M 102 B6 

e. Control Electronics PIN 12-710 B7 

f. System Controller Equipment PiN 12-750 B8 

B-1 
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9.3 ASSEMBLY DRAWINGS. HELIOSTAT (APPENDIX C) 

Table C-l provides a complete list of the drawings required for the 

Northrup II he1iostat. Figure C-1 presents the Northrup II he1iostat top

level assembly drawing. 

Figure C-2 presents a perspective rendering of the fronts ide view 

of the Northrup he1iostat. Even though the he1iostat only contains 12 

mirror modules. the frontal view gives a 24 module appearance because each 

mirror module contains two mirror facets. 

The design goal was to provide a near-continuous mirrored surface 

with minimal void or blockage area. The total envelope area is 590.7 ft2. 

The mirror module edge seal, center seal; and between-mirror spaces reduce 

this to a net reflective area of 568 ft2. Hence. the area-usage efficiency 

is 96%. 

9.3.2 Heliostat Backside View 

Figure C-3 presents a perspective view of the backside of the 

Northrup heliostat. Key features include the 4 relatively deep Butler 

truss members, the Winsmith 2-axis drive unit. and the two interconnecting 

torque tubes. Each mirror module is attached to the top chord of the 

trusses using a 3-point attachment pattern. The mirror modules are 

cantilevered out-board from the truss envelope on the top, bottom, and 

sides to reduce the truss and torque tube lengths. Twelve cross-brace 

members are installed in 8 places to rigidize the assembly (a pair of criss

cross braces are used in 4 of these places). These braces also serve as 

an added measure of protection to resist the tendency of the truss 

compression chord to deflect laterally sideways under load. 

The pedestal is actually a one-piece pile which is driven in 

place by a vibratory hammer. A flange at the top of the pedestal 

serves as the drive interface. A pair of tapered, gasket-like shims 

are used on the pedestal flange to correct for any pile or flange 

misalignment. By selectively rotating these shims, a true-horizontal 

mounting plane can be established. 
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TABLE C-1 

DRAWING LIST 

NORTHRUP II SECOND GENERATION HELIOSTAT 

DRAWING 
NUMBER 

12-010 

12-100 

12-200 

12-300 

PS12-301 

0-651137-2 

12-400 

12-500 

M-101 

M-102 

M-103 

M-104 

M-105 

12-600 

12-700 

12-710 

12-720 

12-730 

12-740 

12-750 

12-760 

TITLE 

NORTHRUP II HELIOSTAT ASSEMBLY 

}URROR MODULE ASSEMBLY 

RACK TRUSS ASSEMBLY 

DRIVE UNIT ASSEMBLY 

PROCUREMENT SPEC-DRIVE UNIT, 
SOLAR HELIOSTAT 

AZIMUTH & ELEVATION DRIVE ASSEMBLY 

ELECTRONICS RACK ASSEMBLY 

PEDESTAL ASSEMBLY 

HELIOSTAT PILE ASSEMBLY-

HELlOS TAT PILE INSTALLATION 

TAPERED LEVELING SHIM 

PILE DRIVING ATTACHMENTS 

ELECTRONIC PACKAGE OPENING FLANGE_ 

HELIOSTAT LIMIT SWITCH 

HELIOSTAT ELECTRONICS 

HELIOSTAT CONTROL ELECTRONICS 

HELIOSTAT MANUAL CONTROL BOX 

HELIOSTAT ELECTRICAL CABLING 

HELIOSTAT WIRING DIAGRAM 

HELIOSTAT SYSTEM CONTROLLER EQUIPMENT 

DRIVER CONTROLLER ASSEMBLY 
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9.3.3 Heliostat Assembly and Installation 

Paragraphs 6.2 and 6.3 provide a detailed discussion 

of the on-site heliostat assembly and installation. The following is 

a brief synopsis of that discussion: 

a. The heliostat field site is cleared, grubbed, 

and graded. A spiral-welded steel pipe serves as an integral· foundation 

and pedestal. Vibratory hammers are used to drive the piles in place. 

The vibratory technique can drive the low displacement piles extremely 

rapidly into silty sand or gravel soils. 

b. After pile driving, the top flange of the pedestal 

is corrected to a true-horizontal plane by the installation of a pair 

of tapered shims. The shims are tack-welded to the flange after 

alignment to fix the relative rotational position while awaiting the 

heliostat installation. 

c. The heliostat piece parts are delivered by truck 

to the site assembly building. The site assembly building would 

likely consist of a permanent section (which would become a mainten

ance shop after completion of the heliostat assemblies), and a temporary 

section which could be disassembled and moved to another construction 

site. 

d. The heliostat rack structure is assembled in 2 

identical half-sections. Two truss units and a torque tube are, set-up 
~ 

in a mechanical fixture which controls truss spacing and the relative 

alignment between the trusses and with the torque tube. The torque 

tube contains two factory-welded plates which interface with the 

trusses. These plates are then welded to the top and bottom truss 

chords, and tack-welded to the web tubing. 

e. The next step in the rack half-section assembly 

is to install the 6 cross-brace members, 2 of which are laterals 

between adjacent truss bottom chords, and 4 of which are criss-crossed 

from the top chord of one truss to the bottom chord of the adjacent 

truss. These cross-brace angles are installed by riveting. 
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f. Two rack half-section assemblies are brought together 

and assembled to a drive unit. The connection is made by bolting the 

torque tube flanges to the drive unit. 

g. The twelve mirror modules are installed on the 

assembled racks. The desired canting is accomplished at this time. This 

operation completes the heliostat subassembly. 

h. The assembled heliostat is transported to the 

pedestal and installed by bolting the mating flanges together. 
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9.4 TRADE STUDIES (APPENDIX D) 

The following discussion presents the trade studies 

that were performed in the course of the design progression which lead 

to the current configuration. 

9.4.1. Mirror Module Trade Study 

The mirror module configuration initially proposed 

consisted of an adhesively bonded 2.39 mm (0.094 inch) thick glass mirror, 

a 25.4 mm (1.0 inch) thick layer of Styrofoam, and a 0.48 mm (0.019 inch) 

thick backing sheet of galvanized steel formed into a pan-shape to 

completely enclose the styrofoam core. A thermal deflection analysis 

of this configuration was performed using the tri-composite analysis 

described in para 9.5.3.2. The deflection and curvature equations 

from this, analysis have been combined with the appropriate stress 

equations, and with a thermal analyzer model into the computer 

model named "MMOD". This program is used to evaluate mirror module 

candidates. Output includes the temperatures through the composite, 

stress levels for each layer of the composite, and the resultant 

concave or convex radius of curvature. Pre-curvatures can be 

input, material thicknesses and properties can be varied, and the 

effects of dirty glass and wind convection can be evaluated. 

Table D-l presents the results of a "MMOD" 

analysis for the originally proposed mirror module configuration 

described above. It should be noted that the radius of curvature 

results are independent of facet size or shape, but the maximum 

deflection values are for a 1.22 x 1.22 m (4.0 x 4.0 ft) mirror module. 

The curvature is a function of the glass absorptivity, 

the heat flux on the mirror (Q x cos 9), and the wind convection 

coefficient. The clean glass reflectivity was assumed to be 87% with 

the 13% reflectivity loss being attributed to diffuse scattering (5%) and 

mirror absorption (8%). For the dirty glass cases, the absorption 

was increased to 12%. Temperature limits were 320 F to l22
0
F, wind 

convection coefficients from 1.0 to 2.5 BTU/ft2-hr-oF (0-27 mph wind), 
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MIRROR MODULE ALTERNATE - THERMAL CURVATURE 
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and heliostat-normal solar flux from 100-340 BTU/ft2-hr. Two cases are 

presented; the first shows the glass curvature resulting from an initially 

flat shape, and the second case incorporates an initial curvature 

which precludes any subsequent convex shaping. 

Paragraph 9.5.3.1 provides a derivation of the 

optical effect of both convex and concave curvature radii in terms of 

a milliradian fringe. For a 1.22 x 1.22 m (4.0 x 4.0 ft) mirror 

module at a slant range of 762 m (2500 ft), the worst-case convex 

and concave curvatures shown in Table D-l for the originally proposed 

mirror module correspond to the following fringe angles: 

R = 763 ft concave, fringe = 3.64 mrad 

R = 580 ft convex, fringe = 6.90 mrad 

With a pre-deflection formed into the mirror module during fabrication, 

the convex curvature can be avoided. For this case the resultant worst 

concave curvature is: 

R = 329 ft concave, fringe = 10.56 mrad. In 

either case, the fringe error was excessive, and a mirror module 

configuration change was necessary. 

Table D-2 presents the results of a '~OD' 

analysis for the same basic concept, except the Strofoam thickness 

is increased to 76.2 mm (3.0 inches). The worst case convex and concave 

curvatures and fringe angles with no pre-deflection are: 

R= 2113' ft concave, fringe = 0.29 mrad 

R = 1473 ft convex, fringe = 2.72 mrad 

The convex cases can be precluded by pre-curving the module during 

fabrication. For this case the worst concave curvature is: 

R = 868 ft concave, fringe = 3.01 mrad 

Again, this curvature is considered unacceptable 

even though the thicker Styrofoam does improve the performance. It should 

be noted that the fringe angle error is a function of slant range. The 

values computed above are for the maximum range of 762 m (2500 ft). 

If this range were reduced to 265 m (870 ft), the 3.01 mrad fringe 

error would be reduced to zero. So, the concept is not unacceptable in 
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TABLE D-2 

MIRROR MODULE ALTERNATE - THERMAL CURVATURE 
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the general sense, but is application-dependent. However, the cost of 

this configuration is also quite high at $24.86/m2 (2.3l/ft2). 

Hence, this configuration was abandoned. 

To reduce the thermal curvature effect, a thermally

stabilized configuration was next examined. This concept again utilized 

the Styrofoam core, but identical facing sheets of steel, aluminum, 

or fiBerglass are employed to maintain "thermal flatness". The mirror 

is not continuously bonded to this resultant substrate, but instead 

is only bonded in a small central zone and at the edges using a soft 

compliant adhesive. This permits the mirror to expand or contract 

freely and independent of the stabilized substrate. Table D-3 shows 

the curvature performance for 2" Styrofoam with steel facing sheets 

for a 1.83 x 1.83 m (6.0 x 6.0 ft) mirror module at temperatures 
o 2 from 32 to 122 F, heat fluxes from 100 to 340 BTU/ft -hr, and wind 

speeds from 0 to 27 mph. ,Both clear glass and dirty glass cases are 

examined, as are flat-fabrication and pre-curved configurations. 

It will be noted that a considerable improvement in performance 

accompanies the stabilized steel configuration versus the 

unstabilized steel configuration discussed earlier. The worst thermally 

induced fringe angle is only 1.56 mrad for the low flux, high wind 

case, and 0.36 mrad for the high flux, no wind case. 

In addition to the steel-foam-steel substrate 

configuration described above, similar thermally stabilized configurations 

were examined using 0.64 mm (.025 inch) thick aluminum sheets, and 

0.94 mm (0.37 inch) thick fiberglass sheets. The goal of this trade-off 

study was to lower the weight. In addition, the Styrofoam thickness 

was reduced to 38.1 mm (1.5 inches) to reduce cost, and the mirror module 

size was increased to 1.83 x 1.83 m (6.0 ft x 6.0 ft) to reduce the number 

of modules required per heliostat. Table D-4 presents the performance 

comparison for the steel, aluminum, and fiberglass alternates with this 

new size and thickness. 

Even though the steel alternate offered the 

lowest cost and best performance, the aluminum alternate was very 

close and provided a 223kg (490 lb) weight advantage. Hence, at this point in 
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time the aluminum-Styrofoam-aluminum configuration was selected. 

However, the alternate-candidate search was continued primarily due 

to the relatively high cost of the basic Styrofoam-based composites. 

The favored configuration at this point exhibited a unit cost of $27.77/m2 

($2.S8/ft
2
), and a goal was established to lower this to $20/m2 

($1.86 ft
2

) or less. 

At this point the concept of using a thin layer 

of silicone grease as a mirror "adhesive" was introduced. This concept 

is a general one, and a wide range of substrates may be used 'with it, 

including those based on intermittent supports such as the longitudinal 

stringer approach. The reason for this is that the grease permits 

shearing motion for slow-acting phenomenon such as thermal expansion 

or contraction and flexural bending. However, for fast-acting phenomenon 

such as hail impact, the viscous grease permits -the load to be transferred 

to the steel facing sheet. Therefore, continuous support, such as that 

offered by a Styrofoam core, is no longer required. However, to 

establish an economic-optimum design, a variety of substrates were 

examined. These included a tensioned, single-sheet panel (Figure D-l), 

an expanded high-impact polystyrene core (Figure D-2), a polystyrene 

bead board core (Figure D-3), and the steel stringer approach (Figure D-4). 

A detailed weight and material cost analysis 

was performed for each of these candidate substrates in a 1.22 x 1.22 m 

(4.0 x 12.0 ft) module size. The larger module size was selected to 

minimize installation and alignment cost. Tables D-S through D-8 

present the results of this weight and material cost analysis. The 

conclusion is that the stringer approach results in a minimum material 

cost. The reason that this design is low cost is best explained by 

Table D-9. It shows that the major cost difference lies between the 

two sheets of the substrates. The "C-stringers" used in this core 

are less than one-half the cost of the nearest competitor. 

D-8 
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FIGURE D-2 

NOR-CORE MIRROR MODULE ALTERNATE 

.019" Face Sheet - galvanized steel 

Expan"ded High Impact Polystyrene * 
.019" Back Sheet-galvanized steel 

ADHESIVELY BONDED COMPOSITE 

* NOR-CORE is a product of the Norfie1d Mfg. Co., Danbury, Conn 
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FIGURE D-3 

ARCO DYLITE BEAD-BOARD MIRROR MODULE 

.019" Face-sheet, ga1v. steel 

Expanded polystyrene bead-board* 

.019'" Back sheet, ga1v. steel 

ADHESIVELY BONDED COMPOSITE 

* DYLITE is a product of ARCO Polymers, Inc., Monaca, Penn. 
" 
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TABLE D-5 

4' x 12': TENSIONED PANEL ALTERNATE 

MIRROR MODULE MATERIAL WEIGHT & COST 

Piece Part Size or Quantity WeiRht 1b 
Description Per Module Module Hel~ostat 

Face Sheet - ga1v. steel 1-.019 x 48x142.5" 37.10 445.2 
U - Channel, horizontal 2-l/8x7/8x23/4x144.3" 38.48 461.8 
U - Channel, vertical 2-1/8x7/8x23/4x48" ' 12.80 153.6 
U ~ Tensioner, horizontal 2-l/8x3/4x13/l6xl44.3 24.05 288.6 
U ~ Tensioner, Vertical 2-1/8x3/4x13/l6x48" 8.00 96.0 
U - Channel Spreaders 3-1/8x7/8x23/4x453/4" 18.30 219.6 
Support bracket T-fitting 6-0.261b each 1.55 18.56 
Corner fittings 4-0.23 1b each 0.92 11.04 
Cap Screws' 82-3/8-16NCx11/8" 3.28 39.36 

, 

Center Seal - EPDM (Assume same 
Edge Seal - 'EPDM cost & weight 1.82 21.9 
Center Brace 
Contact Adhesive 

Mirror Facets 2 -44"X70" 52.67 632.0 
Silicone Grease 10.7oz 0.66 8.0 

Rivets for Nut Plates 8-l/8Dx3/l6 G.L. 0.02 0.2 
Screws for Center Seal 24-(6-32) 0.75 9.0 
Nut Plates 4-3/8"nut 0.06 0.7 

TOTALS 200.46 2405.6 
MIRROR AREA 
11ATERIAL COST PER FT2 

Cost $ 
Module Heliostat 

13.96 167.53 
12.39 148.70 
4.12 49.46 
7.74 92.92 
2.58 30.91 
5.89 70.71 
0.50 5.98 
0.30 3.55 
5.74 68.88 

6.54 78.32 

24.38 292.60 
6.35 76.25 

0.05 0.58 
I 

0.36 4.32 
3.56 42.70 

$94.46 1$1133.51 
42-8 513 4ft2 

$2.21 
- ---- -- ---------
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Piece Part 
Description 

Face Sheet-galva steel 
Back Sheet-ga1v. steel 
Nor-Core Honeyc2mb* 
Adhesive (400ft /ga1) 

Side Frame - "c" 
Edge Frame - "c" 
Attachment Angles 
Handling Angle 

Center Brace 
Center Seal - EPDM 
Edge Sea1- EPDM 
Contact Adhesive 

Rivets 
Screws 
Nut Plates 

Mirror Facets 
Silicone Grease 

TOTAL 
MIRROR AREA 
MATERIAL COST/ft2 

TABLE D-6 

4' X 12': NOR-CORE ALTERNATE 
MIRROR MODULE MATERIAL \'lEIGHT & COST 

Size or Quantity Wei2ht 1b 
Per Module Module He1iostat 

1-.019 x 48x1441/4" 37.55 450.6 
1-.019x48x1441/4" 37.55 450.6 
1-3"x47x1431/4 57.60 691.2 
2 1ayers~0~12ga1/layer 2.0 24.0 

2-.019x4x47" 2.04 24.5 
2-.019x4x143.3" 6.22 74.6 

4-1/8x1x1x42" 11.20 134.4 
1-1/8x1x1x34" 2.27 27.2 

1-1/8x3/4x49.5" 1.32 15.8 
1-48" 0.06 0.7 
1-383" 0.38 4.6 
1 oz 0.06 0.8 

29-1/8Dx3/16 GL.· 0.09 1.11 
24-(6-32) 0.75 9.0 
4-3/8"nut 0.06 0.7 

2-48" x 72" 59.1 709.2 
12 oz 0.75 9.0 

21901b 26281b 

* 3" thick, 1.21b/ft2 , $0.48/ft2 

Cost S 
Module He1iostat 

$14.13 $169.56 
14.13 169.56 
23.04 276.48 
8.40 100.80 

0.77 9.21 
2.34 28.05 

3.61 43.32 
0.73 8.77 

0.43 5.09 
0.47 5.62 
5.57 66.82 
0.07 0.79 

0:17 2.07 
0.36 4.32 
3.56 42.70 

, 

.27.36 328.32 I 

7.13 85.56 

ISl12 2~ 
48 ft 

Sl~47 ~!L 
576ft 

$2.34 
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TABLE D-7 "DYLITE") ALTERNATE 4' x 12'· POLYSTYRENE BEAD BOARD (AReO 

MIRROR MODULE MATERIAL WEIGHT & COST 

Piece Part Size or Quantity Wei2ht 1b 
. Description Per Module Module He1iostat 

, 
Face sheet-ga1v. steel 1-.019x48x1441/4" 37.55 450.6 
Back Sheet-ga1v. steel 1-.019x48x1441/4" 37.55 450.6 
Polystyrene Bead2Board J.-3"x47x143Jr; 23.38 280.5 
Adhesive (400 ft /ga1) 2 1ayers-0.12 gal/layer 2.0 24.0 

Side Frame - .. c .. 2-.019 x 4 x 47" 2.04 24.5 
Edge Frame - "c" 2-.019 x 4 x 143.3" 6.22 74.6 

Attachment Angles 4-1/8x1x1x42" 11.20 134.4 
Handling Angle 1-1/8x1x1x34" 2.27 27.2 

Center Brace 1-1/8x3/4x49.5" 1. 32 15.8 
Center Seal EPDM 1-48" 0.06 0.7 
Edge Seal - EPDM 1-383" 0.38 4.6 
Contact Adhesive 1 oz 0.06 0.8 

Rivets 29-1/80 x 3/16 G.L 0.09 1.1 
Screws 24 -(6-32) 0.75 9;0 
Nut Plates 4- 3/8"Nut 0.06 0.7 

Mirror Facets 2-48"x72" 59.1 709.2 
Silicone Grease 12 oz 0.75 9.0 

TOTALS 184.78 2217.3 

MIRROR AREA 

MATERIAL COST PER FT~ 

Cost $ 
Module He1iostat 

$14.13 . $169.56 
14.13 169.56 
11.22 134.66 

8.40 100.80 

0.77 9.21 
2.34 28.05 

3.61 43.32 
0.73 8.77 I 

! 

0.43 5.09 
0.47 5.62 
5.57 66.82 
0.07 0.79 

0.17 2.07 
0.36 4.32 
3.56 42.70 

27.36 328.32 
7.13 85.56 

$100.45 $1205.40 

48ft2 576ft2 

$2.09 
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TABLE D-8 

4' X 12' INTERMITTANT STRINGER ALTERNATE 

MIRROR MODULE MATERIAL t-lEIGHT & COST 

Piece Part Size or Quantity Wei~ht lb 
Description Per Module Module Heliostat 

Face Sheet - ga1v., steel 1 - .019 x 48 x 144.25" 37.55 450.6 
Back Sheet - ga1v. steel 1 - .019 x 48 x 144.25" 37.55 450.6 
Horizontal Webs-ga1v. steel 5 - .019 x 4 x 143.25" 15.54 186.5 
Structural Adhesive 6 oz , 0.38 4.5 

Torque Box Frame 1 - .019 x 4 x 384" 8.33 100.0 , 
Attachment Angles 2 - 1/8 x 1 x 1x 47" 6.27 75.2 

Mirror Facets 2 - 48" x 72" 59.1 709.2 
Silicone Grease 12 oz 0.75 9.0 

Center Brace 1 - 1/8 x 3/4 x 49.5 " 1.32 15.8 
Center Seal - EPDM 1 - 48" 0,06 0,7 
Edge Seal - EPDM 1-383" 0,38 4.6 
Contact Adhesive 1 oz. 0,06 0,8 

Rivets 8 - 1/8 D x 3/16 G. L. 0.03 0.3 

Screws 2 - (6-32) 0,06 0,8 
Nut Plates 4 - 3/8" 0.06 0,8 

TOTAL 167.44 2009.4 

MIRROR AREA 

MATERIAL COST PER FT.2 
- -~ --- -- ----

Cost $ 
Module ~e1iostat I 

14.13 169.56 
14.13 169.56 

5.85 70.16 
1.04 12.45 

3.13 37.62 
2.02 24.21 

27.36 328.32 
7.13 85.56 I 

i 

0.43 5.09 
0,47 5,62 
5,57 66,82 
0~07 0~79 

0.05 0~58 

0,03 0,36 
3~56 42.70 

$84~97 $1019.40 

48 ft 2 576 ft 2 

$ 1.77 
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TABLr. D-9 

"BETWEEN-THE-SHEETS" COMPARISON 

tIC - WEB" BASELINE 

Piece Part Current 
Vertical Webs .... $7.29 
Horizontal Webs.. 2.34 
Adhesive ......... 1.56 
Corner,Braces .... 0.03 
Rivets ........... 0.41 
TOTAL COST ....... $11.63 

Mirror Area ...... 48ft2 

2 Cost/ft ......... 24.2¢ 

NOR-CORE PANEL 
Piece Part 
Nor-Core Honeycomb ...... . 
Adhesive ................ . 
Side Frame .............. . 
Rivets .................. . 

Simplified 
$3.13 
5.85 
1.04 

o 
0.05 

$10.07 

48ft2 

21.0¢~ 

~ 
$23,04 

8.40 
3.11 
0,17 

TOTAL cosr .. :~.~u~ .. -~4:7 2-

Mirror Area .............. 48ft2 

2 Cost/ft ................ 72.3¢,~ 

TENSIONED PANEL 

Piece Part Cost 
U-Channe1s .................. $16.51 
U-T~nsioners ................ 10.32 
U-Spreader ................. 5.89 
Brackets. . . . . . . . . . . . . . . . . . . . 0.80 
Screws...................... 5.74 
Back Sheet ...........•..•... -13.96 
Attachment Angles ... "" "" -4,34 
TOTAL COST,."." .. , ...... , .$20.96 

Mirror At:ea 
Cost/ft2 

Piece Part 
BEAD BOARD PANEL 

42.8ft2 

49,0¢-4-

Cost 
Bead Board •...... ~ ......... $11.22 
Adhesive. . . . . . . . . . . . . . . . . . . . 8.40 
Side Frame ...........•..... 3.11 

0.17 
22.90 

Mirror Area ................. 48ft 2 

Cost/ft2 ...•..............•. 47.7¢~ 



9.4.2. Rack Structure Alternates 

Figure D-5 illustrates the original rack structure 

design for the Northrup II heliostat. This structure was based on the 

use of 6 tapered trusses, each of which was 8.5 m (28 ft) long, and 

weighed 80 kg (175 lb). The construction of these truss members was 

based on using steel angles and solid rod webbing. The chord angles 

were 38 x 38 x 3 mm (1.5 x 1.5 x 0.125 inch), and the rod webs were 

l2.7mm (0.5 inch). The truss members tapered from 0.2 m (0.67 ft) 

at the ends to 0.5 m (1.67 ft) at the center. The top and bottom 

chords were constructed from 2 angles each with the zig-zag webbing 

sandwiched and welded in-between. The bend-resisting inertia for this 

configuration varied from 783 cm4 (18.8 in4) at the shallow end to 

5514 cm4 (132.5 in4) in the middle. The total weight for the 6 trusses 

was 477 kg (1050 lb). By way of direct comparison, the current truss 

configuration provides a bend-resisting inertia of 10364 cm4 (249 in4) , 

and has the total weight for the 4 trusses of 208 kg (456 lb). 

The path which led to the current Butler Manufacturing 

Co. truss selection, and the 4-truss configuration was governed by the 

following considerations: 

1. The drive unit is relatively large in terms 

of azimuth-swing radius. To avoid an off-set torque tube-to-drive 

unit interface, it was considered a desireable feature to be able 

to contain the drive within the truss-depth envelope. This factor 

dictated a deep truss. 

2. If the web "zig-zag" angles are maintained at 
o a constant angle (usually 60 ) as the truss depth is increased, the 

truss weight remains unchanged; i.e., a deep truss will weigh the same 

as a shallow truss. Since the beam stiffness increases with the 

square of the truss depth, the deeper truss is considerably less 

expensive per unit of stiffness. 

3. As the truss depth is increased, the web 

rod length increases, and the tendency for column buckling increases. 

However, a change from a 0.5 inch diameter solid rod to a 1.0 inch 

D-18 
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diameter hollow tube of the same weight increases the buckling resistance 

by a factor of 7. 

4. As the truss depth is increased, the compression 

chord of the truss tends to buckle horizontally sideways. This phenomenon 

dictates the addition of cross-bracing between trusses. However, the 

Butler truss chord provides about 2.5 times the transverse inertia of the 

dual-angle chord originally planned with the expenditure of less material, 

so fewer cross-braces are required. 

5. The change in mirror module size from 1.22 x 

1.22 m (4.0 x 4.0 ft) to 1.22 x 3.66 m (4.0 x 12.0 ft) reduced the 

required number of mirror modules from 34 to 12, and enabled the number 

of truss members to be reduced from 6 to 4. The net effect of this 

change was a significant reduction in rack structure weight and material 

cost, and an even greater reduction in field labor cost due to the 

reduction in major piece parts from 40 to 16. 

Each torque tube provides the lateral structural 

support by rigidily connecting a pair of trusses together and to the 

drive unit. A study was performed early in the program to establish 

the weight and inertia versus diameter and wall thickness. Table D-IO 

tabulates the results of this study. the "WINDBEND" computer model 

was utilized to evaluate the resultant bending and torsional errors 

as a function of the bending and polar inertia. Within the confines 

of the error budget and the software and alignment error-removal 

ability, it was established that the polar inertia should be on the 

order of 400 in4, and the bending inertia about 200 in4. Table D-IO 

shows these would most efficiently be met with a l6-inch O.D. torque 

tube having a wall thickness of 0.135 inches. This size was originally 

selected for the torque tube, and no interface problem existed with 

the drive unit because the drive unit had a 43-inch diameter single 

stage worm gear, and could, if necessary, accomodate a very large torque 

tube. 

Subsequent optimization studies reduced the drive 

unit size by the introduction of the planetary input stage. The output 

worm gear size was reduced to a size less than one half of the original 

diameter. As a result of the smaller size, the torque tube diameter had 

D-20 



TABLE D-10 

TORQUE TUBE INERTIA AND WEIGHT 

Polar Moment of Inertia z in4 

Torque 
Tube .075" .105" .135" .188" .250" 

Diameter Wall Wall Wall Wall Wall 

12 inch 99.9 138.8 177 .1 242.8 318.7 

14 159.1 221.2 282.6 388.1 510.6 

16 237.9 331.2 423.4 582.3 767.3 

Weight for 110 inch Length z 1b 

12 87.5 122.1 156.7 216.6 287.3 

14 102.1 142.7 183.1 253.3 336.2 

16 116.8 163.2 209.5 290.0 385.1 

Inertia Per Unit Weight z in4/1b 

12 1.14 -1.14 1.13 1.12 1.11 

14 1.58 1.55 1.54 1.53 1.52 

16 2.04 2.03 2.02 2.01 1.99 

Note: The bending inertia is one-half of the polar inertia. 
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to be reduced to enable its flange to interface cleanly with the 

drive unit. Hence, a 12.75 inch diameter torque tube with a wall 

thickness 0.25 inch was selected. The following provides a comparison 

between the optimum and selected torque tubes: 

1. 

2. 

3. 

4. 

5. 

Wall Thickness, inch 
4 Polar Inertia, in 

4 Bending Inertia, in 

Total Weight (2), 1b 

Material Cost, $ 

16" OD 
Optimum 
Torque 
Tube 

0.135 

423.4 

211.7 

419.0 

144.56 

12.75" OD 
Selected 
Torque 
Tube 

0.250 

383.6 

191.8 

611.2 

210.86 

The $66 cost differential was justified by the estimated $115 cost of 

increasing the drive unit housing, bearing and seal size to accomodate 

the optimum torque tube. 

9.4.3 Drive Unit Alternates 

The drive unit originally proposed was based on a 

double worm and gear for each axis, a concept which was employed on the 

Northrup I he1iostat. An 80:1 ratio was planned for each first stage, 

and a 52:1 ratio for each output stage. A large stepper motor and 

sophisticated translator (Superior Electric Co. M172-FD306 motor and 

TM-600 translator) was required to drive this gear combination to an 

ample output torque level. Since the motor and translator cost was' 

high, an effort was undertaken to change the gearing to permit a 

smaller stepper motor to be used. 

A drive concept was next examined in which the same 

two worm gear ratios were maintained, but a small 3:1 gear stage was 

added at the motor. This reduced the motor size to a Superior Electric 

Co. Ml12-FJ326 unit (which is $125 less than the M172-FD306). A gear 

box survey was performed, and an 11.5:1 ratio unit was selected which 

further reduced the motor size to an M093-FD301 unit (which is $225 less 
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than the original M172-FD306 motor). Since the gear box cost was under 

$100, it became very evident that it was far more economical to "buy" 

torque with gearing than with motor size. Table D-ll provides the 

evaluation results for 54 different stage 1 and stage 2 gear combinations 

with output torque (T), output gear shear tooth stress (S), and 

approximate drive element cost (C) as the performance parameters. 

Nine of the gear combinations were then selected, and a complete drive 

unit material and piece part relative-cost analysis was performed. 

Figure D-6 presents the double worm and gear 

concept with the added gear box at the motor. The tabular data on 

this figure shows the nine candidate gear combinations examined in 

detail and the resultant backlash, torque (T), output gear tooth shear 

stress(S), weight(W), and the relative drive unit material costs (C). 

The main conclusion to be drawn from this data is that over a 

relatively wide range of gear sizes, the costs are relatively high and 

no clear-cut optimum is apparent. A concept change was required to 

lower the cost. 

An effort was initiated to simplify the drive 

unit and lower its cost by eliminating the first worm gear stage by 

employing a larger ratio gear box at the motor. A low cost, triple 

reduction helical gear box manufactured by Bison Gear & Engineering Corp., 

was selected for the input stage. It provided a 115:1 gear ratio, an 

output torque capacity of 2500 lb-in, and a higher efficiency than a 

comparable worm gear stage. The size of the output gear and its 

ratio increased significantly, but the overall material and piece part 

were reduced by about 15%. Figure D-7 presents the performance character

istics and a schematic representation of this initial single-worm-per

axis drive unit. Figure D-8 shows a perspective rendering of this 

drive concept which highlights the use of the azimuth gear as a turn

table for the elevation drive, the sector elevation gear, and the 

use of a cam-follower bearings for support. 

A subsequent modification to this one-worm per 

axis drive unit resulted in a change to the next larger motor size ,. 
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TABLE D-l1 

WORM GEAR e.V,qLUIfT~ON 

WJ TH Moq2.- FD310 MOTOR f. 11.5:' ~EDUC:I£R 

STAca.E 1 AND STt4GE ;t C0fo181 N A-rto NS 

STAGE :to WORH-G£}iR STIfGE Z. WoRM- GEAR 
DXA )04 ET IR l P'ITC H = 1.5" orA M E.TlI ~ L p1.Te H & 2..0 ".,,, 2'1:' \s-,., 2"7: I 2D"PD 10: I 12DHpD 110: I I "llf" PD .. ,! , 2'·PD ~Ii:' 
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FIGURE D-6 

PERFORMANCE FOR 2 - STAGE WORM DRIVE CONCEPT 
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FIGURE D-7 

INITIAL CONFIGURATION OF A SINGLE-WORM STAGE DRIVE 

liS: I 
GEAR 
80X 

OUTPUT 
L-__ ------~--~-TORQUE 

8TA&E 
GEAR 

CHARACTERISTICS 

. WORM ~ 

DlAMETRAL PITCH 4 4 

PITCH DIAMETER 3.00" ·43.00" 

NO. OF THREADS/TEETH 1 172 

THREAD/TOOTH STRESS 34009 psi 10769 psi 

MATERIAL STEEL CAST IRON 

WEIGHT, AZIM 6 lb 1021b 

WEIGHT, ELEV 6 lb 341b 

FACE WIDTH 3.50" 1.50" 

MAXIMUM TORQUE 9640 ft-1b 

BACKLASH EFFECT 0.23 mrad 
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FIGURE D-8 

PERSPECTIVE VIEW OF THE INITIAL 

NORTHRUP 1 - WORM DRIVE UNIT 
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(from the Superior Electric Co. MD92-FD310 to the Ml12-FJ326), but 

to a simpler, less expensive driver (translator). In addition, the azimuth 

gear was fixed (i.e., non-revolving). This latter change enabled the 

protruding azimuth and elevation motors to always maintain the same 

position relative to the mirrored surface plane during azimuth maneuvers 

(which eliminated a potential interference problem between the drive and 

mirror modules). An additional change was an optimization of the output 

worm gear in which the diametra1 pitch was raised from 4 to 5, and the 

pitch diameter reduced form 43 inches to 26.4 inches. Table D-12 

presents the performance characteristics for the improved one-worm 

drive with the 115:1 helical gear box. Figure D-9 shows an 

exploded view of this drive unit. 

The Winsmith Division of UMC Industries was working 

closely with Northrup as a potential fabricator, cost-estimator, and 

alternate-design consultant. Winsmith proposed a concept employing 

a large ratio, high torque capability planetary unit which replaces the 

triple reduction helical gear box. The higher ratio of the planetary 

stage (450.45:1) enabled the output worm gear size to be further . 

reduced in ratio and size. The decreased gear size in turn enabled 

the use of ba11-and-race bearings which became cost-competitive with 

the 19 individual cam-follower bearings used in the previous design. 

Only one bearing is used in each axis with this alternate Winsmith 

design. Table D-13 presents a comparison between the helical gear 

box reducer configuration (North-Win 1), and the alternate planetary 

input stage (North-Win 2). Table D-14 presents the worm thread bending 

stress and the gear tooth shear stress as a function of wind speed for 

the two design alternates. This tabulation shows very similar stress 

levels for the two alternates, but more importantly, shows that both 

design options can withstand a 90 mph wind in the vertical position. 

Hence, no latch or docking restraint is required to remove wind loads from 

the gearing during operation or stow. 

Table D-15 presents a comparison of the mechanical 

performance of the two design alternates in terms of output torque, 

efficiency, and slew rate. Although the torque characteristics are 
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FIGURE D-9 
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TABLE D-12 

Improved One-Worm Drive Characteristics 

1. Ml12-FJ326 stepper motor/TID-nOS translator 

2. Bison Model 030-415-0115 gear box, 115:1 ratio 

3. Worm and gear diametra1 pitch = 5 

4. Lead = 0.6283 inches, lead angle = 4.39860 

5. Worm_pitch diameter = 2.60 inches 

6. Gear pitch diameter = 26 inches 

7. Gear face width = 1.5 inches 

8, Number of teeth in contact = 2 (minimum) 

9. Worm thread bending stress = 126,811 psi (steel) * 
10. (cast iron) * Gear tooth shear stress = 40,156 psi 

11. Torque output capability: 

Pulse Motor Output Drive 
Rate -- rpm Torque Efficiency 

200/sec 60 6602 ft-1b 20.77% 

600 180 9797 21.17 

1000 300 10287 21.58 

1400 420 8913 22.01 

1800 540 7009 22.45 

2000 600 6218 22.68 

* Stresses are for vertical stow, 90 mph wind 
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TABLE D-13 

COMPARISON "NORTH-WIN I" VS "NORTH-WIN 2" 

NORTH-WIN 1 

A. MOTOR Ml12 

B. STAGE 1 
1. TYPE PLANETARY 
2. RATIO 450.45: 1 
3. EFFICIENCY 55% 

C. STAGE 2 
1. TYPE WORM & GEAR 
2. RATIO 40.1 
3. GEAR DIAMETER 17 . 7" " 
4. GEAR FACE WIDTH 2.36 
5. DIAMETRAL PITCH 2.37 
6. NUMBER OF TEETH 40 
7. LEAD ANGLE 7.7 0 

8. WORM PITCH DIAMETER 3.12" 
9. WORM THREAD SINGLE 

10 RFFICIENCY 38% 
OVERALL RATIO 18018 

D. BEARINGS, ELEVATION SINGLE BALL & RACE 
AZIMUTH SINGLE BALL & RACE 

E. ENCLOSURE, MATERIAL CAST IRON SHELL 
LUBRICATION OIL FILLED 
CAVITY SEAL SEALED 

NORTH-WIN 2 

Ml12 

HELICAL 
115: 1 

80% 

WORM & GEAR 
130:1 

26.4 
1.50" 
5 

130 
4.40 

2.30" 
SINGLE 

27% 
14950 

10-CAMROLLS 
9-CAMROLLS 

CAST IRON SHELL 
OIL BATH 
VENTED 
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TABLE D-14 
WORM & GEAR STRESSES 

I 

WINDSPEED "NORTH-WIN 1" "NORTH-WIN 2" I 

MPH TYPE (PLANETARY + WORM) (HELICAL + WORX) , 

10 WTB 1,650 psi 1,566 psi 

27 WTB 12,039 11,413 

50 WTB 41,326 39,177 

90 WTB 133,769 126,811 

10 GTS 523 psi 496 psi 

27 GTS 3,812 3,614 

50 GTS 13,086 12,406 

90 GTS 42,359 40,156 
- ------ - -- --.. -~ 

~rrB = worm thread bending stress, allowable (yield) = 190,000 psi 
GTS = gear tooth shear stress, allowable (yield) = 80,000 psi 

CONCLUSION: Worm thread and gear teeth can withstand 90 mph wind 
in vertical stow position without yielding. 
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TABLE D-15 

DRIVE COMPARISON: "NORTH-t-lIN I" VS NORTH-WIN 2" 

MOTOR MOTOR OUTPUT TORQUE EFFICIENCY 
STEPPING INPUT FT-LB PERCENT 

RATE TORQUE 4F1-t~ORM/ 112-WORM/ . #l-WORM/ ~ 2-WORM 
STEPS/SEC OZ-IN PLANETARY HELICAL PLANETARY HELICAL 

200 408 7914 6602 20.66 20.77 

400 549 10677 8967 20.72 20.97 

600 . 594 11588 9797 20.78 2l.17 

800 621 12140 10334 20.83 21. 37 

1000 612 12001 10287 20.89 2l. 58 

1200 574 11295 9749 20.95 21.79 

1400 520 10253 8913 21.01 22.01 

1600 459 9079 7950 2l.06 22.23 

1800 401 7947 7009 2l.12 22.45 

2000 352 7000 6218 2l.18 22.68 

REQM'T in 50 HPH lUND 9500 ft-1b -
-

SLEt-l RATE 
DEG MIN 

II1-WORM/ 112-WORM/ 
PLANETARY HELICAL 

l.198 1.444 

2.397 2.889 

3.596 4.334 I 

4.795 5.779 

5.994 7.224 

7.192 8.668 

8.391 10.113 

9.590 11.558 

10.789 13.003 

11.988 14.448 

6o/min 



'somewhat different, both are acceptable. Likewise, both have comparable 

slew rates when driven at a stepping rate necessary to meet a 9500 ft-lb 

wind torque, and both have a very similar efficiency characteristic. 

Tables 0-16 and 0-17 present the estimated weight 

and cost for the two competitive designs. Again there was very little 

difference between the two design concepts. In fact, in evaluating 

all of the stress values, the mechanical performance, weight, and 

cost, the trade-off study between the helical gear box/large worm gear/ 

Camroll bearing concept and the planetary gear stage/small worm gear/ 

ball-and-race configuration resulted in a virtual tie. 

The "North-Win 2" planetary drive concept was 

selected based on several decisive features: 

1. Possibility for future cost savings using the 

integral bearing concept, in which the races are machined into the 

castings. 

2. Unit is oil-filled and sealed versus oil-bathed 

and vented for the alternate. The moisture condensation concern is 

eliminated, and the bearings are subjected to continuous lubrication. 

3. The planetary gear box offers flexibility in 

future motor-gear ratio trade-offs. The planetary gear ratio can be 

varied over a very large range without changing the size of the enclosure 

envelope or interface. Future advances in the motor drive translator 

and software might enable the use of a smaller (but higher pulse rate) 

motor which might in turn necessitate a higher planetary gear ratio. 

4. The selected drive unit is simpler and has 

significantly fewer parts, fewer machining operations, and fewer 

assembly adjustments than the alternate using discrete Camroll bearings. 

It is believed that the simpler unit will, therefore, be the most 

reliable. 
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TABLE D-16 

DRIVE WEIGHT COMPARISON 

ITEM NORTH-WIN 1 NORTH-WIN 2 
(PLANETARY) (HELICAL) 

AZIHUTH GEAR 176.6 1b 190.1 1b 

ELEVATION GEAR 168.5 69.2 

TORQUE ARHS 0 216.6 

STAGE 1 GEAR BOX 126.0 32.0 

t::I AZIMUTH HOUSING 264.6 237.0 
I 

w 
VI ELEVATION HOUSING 240.5 270.8 

WORHS, SHAFTS, BEARINGS 90.2 38.4 

HAIN BEARINGS 15.6 64.5 

H112 MOTORS 29.0 29.0 

MISCELLANEOUS 119.6 90.6 

TOTAL 1230.6 1b 1238.2 1b 



TABLE D-17 

DRIVE COST COMPARISON-ENGINEERING ESTIMATE 

ITEM NORTH-WIN 1 NORTH-WIN 2 
(PLANETARY) ~HELICAL~ 

AZIMUTH GEAR $150.11 $161.59 

ELEVATION GEAR 143.23 58.82 

TORQUE ARMS 0.00 74.p8 

STAGE 1 GEARING 230.00 168.00 
tj 
I AZIMUTH HOUSING 158.76 142.20 w 

0\ 

ELEVATION HOUSING 144.30 162.48 

WORMS, SHAFrS, BEARINGS 180.40 76.80 

MAIN BEARINGS 400.00 328.04 

MISCELLANEOUS 89.71 67.95 

SUB-TOTAL 1496.51 1229.96 

LABOR 224.48 606.41 

M112 MOTORS 350.00 350.00 

TOTAL $2070.99 $2186.37 



9.4.4 Electronics Alternates 

Trade studies were performed on elimination of the 6850 ACIA 

(asynchronous communications interface adapter). The alternative 

would be to perform the serial communications with the 6532 

(ram-i/o-timer) since this part is already needed to interface with 

the translator and provide RAM. The problem encountered in the 

trade study showed extreme timing complications in using the 6532. 

The 6850 ACIA provides double buffering of input and output data, 

this allows the processor to be accomplishing other tasks while 

receiving and sending data. The constraint of accelerating and 

decelerating the motor and being able to receive and send data at the 

same time prohibits software data handling of individual bits. The 

ACIA allows handing of data at the byte level. Additional studies 

are being considered to constrain the data communications to 

times where the motors are stopped but at this point it was 

desirable to have data at all times. 

Three types of motor translators were considered and 

evaluated. They are the resistor, soft switching, and hard switching 

types. The evaluation results are summarized in figure D-IO. The 

soft switching type (TBM 105) was selected because it met the 

speed-torque requirements and was less complex than the TC600. The 

resistor type was not considered due to its inability to perform at 

our required speed and torque. Evaluation of the TBM 105 translator 

showed moderate expense and complexity and was selected for the 

prototype Heliostat. Studies are under way to improve the design 

and simplify the translator to provide a more cost effective design 

readily adaptable for mass production. 
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Figure D-10 

Summary of Translator Trade - Offs 

DISADVANTAGES 

HIGH pmJER CONSUt'lPT I ON 
HHEN ON 

LOW TORG~UE/SPEED 

t'10RE COt'lPLE~< 
PULSE FEEDBACK ~~EEIIEII 
HEAVY PARTS REQUIRED 
UtUT TUNED FOF~ PARTICULAR t'1OTOR 

MOTOR HEATING 
SWITCHING TRANSIENTS 
NOISE GENERATION 
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9.5 SYSTEM STUDIES (APPENDIX E) 

In this section the system studies which were performed 

in support of the Northrup heliostat are presented. The following 

subsections and topics are included: 

9.5.1 Wind Loads, Distribution, and Moments 

9.5.2 Wind and Gravity Deflections 

9.5.3.1 Mirror Module 

9.5.2.2 Rack Structure 

9.5.2.3 Drive Unit 

9.5.3 Thermal Curvature and Stress 

9.5.3.1 Beam Quality, Convex and Concave Mirrors 

9.5.3.2 Thermal Curvature for Tri-Composites 

9.5.4 Stress Analysis - 90 mph Wind 

9.5.4.1 Mirror Module 

9.5.4.2 Rack Structure 

9.5.4.3 Drive Unit 

9.5.5 Drive Unit Performance 

The general format of each subsection is to include a topical introduction, 

and then to provide the original analysis with appropriate equations, 

assumptions, values, and computations. 

9.5.1 WIND LOADS, DISTRIBUTION, AND MOMENTS 

The following tabulations and figures provide the wind 

forces on the Northrup heliostat, the distribution of the normal forces 

on the surface, and the moments about each axis, and about the pedestal 

base at ground level. The basis for this analysis is ASCE Paper No. 3269, 

''Wind Forces on Structures", 1961. 
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,. "yet,: FD = CD·/I· ~"Z./3.., ~ ': C p • A . ~ 
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Wind ~orce Parameter Summary 

Angle of 
S. CD CCP Attack 

0 0 1.126 .500 

10 .228 1.103 .470 

20 .400 1.061 .451 

30 .571 .989 .437 

40 .730 .890 .430 

50 .860 .761 .420 

60 .898 .593 .398 

70 .803 .274 .343 

80 .361 .107 .263 

90 0 0 0 

Note: CL = lift coefficient 

CD = drag coefficient 

CCP = center of pressure coefficient 
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Wind Induced Pressures and Loads 

27 mph 35 mph 50 mph 90 mph 
(regmts) (operating) (stowing) (survival) 

1. Windspeed corrected 
to 12.75 ft height 23.748 mph 30.784 mph 43.977 mph 79.159 mpb 

2. Dynamic ~ressure, 
q, 1b/ft 1.413 2.374 4.845 15.698 

3. Dynamic pressure 
x Area, 1bf 848.2 1425.1 2908.5 9423.5 

4. Drag Force, FD,. 1bf 

00 955 1605 3275 10611 
10 936 1572 3208 10394 
20 900 1512 3086 9998 
30 839 1409 2877 9320 
40 755 1268 2589 8387 
50 645 1085 2213 7171 
60 503 845 1725 5588 
70 232 390 796 2582 
80 91 152 311 1008 
90 0 0 0 0 

5. Lift Force, FL 1bf 
0° 0 0 0 0 

10 193 325 663 2149 
20 339 570 1163 3769 
30 484 814 1661 5381 
40 619 1040 2123 6879 
50 729 1226 2501 8104 
60 762 1280 2612 8462 
·70 681 1144 2336 7567 
80 306 514 1050 3402 
90 0 0 0 0 
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Elevation and Azimuth Moments 

Moment WindsEeed at 30 ft He~bt 
Angle of Arm 27 mph 35 mph 50 mph 90 mph 
Attack d,ft (reqmts) (operating) (stowing) (survival) 

0 0 o ft-1b o ft-1b o ft-lb o ft-lb 

10 .735 702 1179 2407 7799 

20 1.201 1155 1941 3961 12832 

30 1.544 1496 2513 5130 16620 

40 1.715 1674 2813 5740 18598 

50 1.960 1909 3207 6546 21209 

60 2.499 2277 3826 7808 25297 

70 3.847 2768 4651 9497 30752 

80 5.807 1843 3097 6320 20476 

90 12.25 0 0 0 0 
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Ground-Level Column Base Moments 

Windspeed at 30 ft Height 

Angle of 27 mph 3~mph 50 mph 90 mph 
Attack (reqmt~) (operate) (stowing) (survival) 

0 12176 ft-1b 20460 ft-1b 41756 ft-1b 135290 ft-1b 

10 11629 21222 43309 140323 

20 12628 21219 43304 140307 

30 12191 20485 41805 135450 

40 11298 18985 38744 125532 

50 10138 17035 34765 112639 

60 8689 14601 29797 96544 

70 5731 9630 19652 63673 

80 3000 5040 10286 33328 

90 0 0 0 0 
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9.5.2 WIND AND GRAVITY DEFLECTIONS 

In this subsection the gravity and wind- induced deflections of the 

mirror modules, trusses, torque tubes, and drive unit are presented. 

The paragraphs, topical subjects and page numbers are as follows: 

9.5.2.1 Mirror Module Deflections, pg. E-9 through E-28 

9.5.2.2 Rack Structure Deflections 

a. Gravity Only, pg. E-29 through E-4l 

b. No Gravity, 27 mph wind, pg. E-42 through E-53 

c. Gravity plus 27 mph wind, pg. 54 through E-65 

9.5.2.3 Drive Unit Deflections, pg. E-66 through E-88 

In all instances the deflections have been resolved into the appropriate 

milliradian errors in the azimuth or elevation direction. 
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9.5.2.1 Mirror Module Deflections 

In the following subsection the ana1ysis'of the mirror module deflections 

from gravity and/or a 27 mph wind are presented. The analysis method, 

assumptions, equations, and computations are'provided. The topics covered 

include between-stringer sag, shear deflections, and bending deflections. 
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Sample Computer Print-outs For 

Mirror Module Deflection Evaluation 
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ENTER CENTRAL STRINGER E:ENDING 1 NEF.:TIA.. IN·t·4 = .898 

ENTER CENTRAl STRINGER SHEAR AF~EA .. INt2 = .066 

ENTER CENTRAL STRINGER SHEAR CONSTANT = 1 

ENTER EIIGE STRIt"'GEF~ BENDING INERTIA.. IN·r·4 = .496 

ENTER EDGE STF.:IHGEF.: SHEAR AREA.. INt2 = .066 

ENTER EDGE STRINGER SHEAR CONSTANT = 1 

ENTER CF.:OSS r1E~1E:ER BENIrING INERTIA.. ItH4 = .43 

ENTEF~ CF.:OSS r'lEt'lE:ER SHEAF.: AF.:EA.. IN·r-2 = .48 

ENTER CF~OSS ~1Er'lE:ER SHEAR CONSTANT = 1 

ENTER STRINGER HALF-SPAN LENGTH.. IN = 72 

ENTER CF~OSS ~l£tr1BER HALF -SPAN LENGTH.. IN = 24 

ENTER STRINGER SUPPORT LOCATION.. IN = 30 

EtHER CROSS r'1Et'lE:ER SUPPOF.:T LOCAT I ON .. IN = 20 

ENTER STRINGEF.: SPACING .. IN = = 8 

ENTER LOAII.. LEVSQ-FT = 4. 21 
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MIRROR ELEMENT VECTOR-SLlt·1t'1ED SLOPE ERRORS - RUN #90GR 
------------------------~------------------------------

••••••••••• MICRO-RADIANS (RAD*lE-6) ••••••••••••• ••• t'1F~AD ••• 

(LONGITUDINAL) (TRANSVERSE) AREA-l·JE I GHTED 
STRINGER IIIRECTION CROSS MEt'1BER II I F.:ECT ION VECTOR-SLIM 

RIB # NODE BENDING SHEAR BENDING SHEAR ROTATION TOTAL ----- ------- ------- ------- ------- -------- -------
1 1 11 -1 e -11 269 .28 
1 2 12 -3 e -11 269 .28 
1 3 16 -5 0 -11 269 .28 
1 4 25 -7 e -11 269 .28 
1 5 40 -10 0 -11 269 .282 
1 6 60 14 0 -11 269 .29 
1 7 72 12 e -11 269 .292 
1 8 73 10 0 -11 269 .292 
1 9 65 7 0 -11 269 .2E:9 
1 10 51 5 0 -11 269 .286 
1 11 33 3 0 -11 269 .282 
1 12 11 1 0 -11 269 .28 

2 't 11 -1 -265 -7 269 .01 
2 2 12 -3 -265 -7 269 9E-03 
2 3 16 -5 -265 -7 269 .011 
2 4 25 -7 -265 -7 269 .tH7 
2 5 40 -10 -265 -7 269 .03 
2 6 60 14 -265 -7 269 .374 
:2 7 72 12 -265 -7 269 .083 
2 S 73 10 -265 -7 269 0'-'·-' • t=-'::' 

2 9 65 7 -265 -7 269 .073 
2 13 51 5 -265 -7 269 .057 
2 11 .-,.-, -=,.j ..... 

~ -265 -7 269 .036 
2 12 11 1 -265 -7 269 .012 

3 1 11 -1 -362 -4 269 • t197 
3 .-:-

.:.. 12 .-. 
-.~ -362 -4 269 • t197 

3 --, 
~ 16 -5 -362 -4 269 .097 

3 4 25 .... 
-{ -362 -4 269 .098 

3 5 40 -10 -362 -4 269 .1al 
3 6 60 14 -~:62 -4 269 .121 
3 7 72 1·-' -==. -362 -4 269 1·~~ 

• .:.. i 

3 8 73 10 -362 -4 269 .127 
3 9 65 7 -362 -4 269 .121 
3 - 10 51 5 -362 -4 269 .112 
3 11 33 3 -362 -4 269 .103 
3 1·-' -==. 11 1 -362 -4 269 .097 

4 1 10 -1 -376 0 269 .053 
4 .-, 

-==. 11 -2 -376 0 269 .053 
4 3 15 -3 -376 £I 269 .054 
4 4 2·-:-.:.. -4 -376 0 269 .054 
4 5 36 -5 -376 0 269 .056 
4 6 55 7 -376 0 269 .062 
4 7 65 6 -376 £I .-..-.::, .:::.b_· .064 
4 8 66 5 -376 a 269 .t164 
4 9 59 4 -376 0 269 .062 
4 10 46 :3 -376 £I 269 .059 
4 11 30 .-, 

-==. -376 0 269 .056 
4 12 10 1 -376 0 269 • t154 

c- 'l.Lj 



folIRROR ELE",ENT VECTOR-SUNt1EI' SLOPE ERRORS - CONTINUED - RUN #90GR 
-------------------------------------------------------------------

••••••••••• MICRO-RADIANS (RAD*1E-6) ••••••••••••• .•• MRAD ••• 

(LONGITUDINAL) (TRANS·· ... ERSE) AREA-l.JE I GHTED 
STRINGER DIRECTION CROSS ",Et-1BER IIIRECTION VECTOR-SUr', 

RIB # NODE BENDING SHEAR BEHDING SHEAR ROTATION TOTAL 
----- ------- ------- ------- ------- -------- -------

5 1 11 -1 265 7 269 .541 
5 2 12 -3 265 7 269 .541 
5 3 16 -5 265 7 269 .541 
5 4 2C' .... 1 -7 265 7 269 .541 
5 5 40 -1£1 265 7 269 .542 
5 6 60 14 265 7 269 .546 
5 7 72 12 265 7 269 .547 
5 8 73 10 265 7 269 .547 
5 9 65 7 265 7 269 .546 
5 10 51 5 265 7 269 .544 
5 11 33 3 265 7 269 .542 
5 1'-' .::. 11 1 265 7 269 .541 

6 1 11 -1 362 3 269 .635 
6 .-. .::. 12 -3 362 3 269 .635 
6 .-. .:;. 16 -5 362 3 269 .6~:5 
6 4 25 -7 362 3 269 .635 
6 5 40 -10 362 .-. 

..:0. 269 .636 
6 6 60 14 362 .-. .:;. 269 .639 
6 7 72 12 362 3 269 .64 
6 . -. c· 73 10 362 .-. .:,. 269 .64 
6 .::, _. 6C' .;;;J 7 ~:62 

1'". 
.:,. 269 .6~:9 

6 10 51 5 362 .:-..... 269 .637 
6 11 ~ .. ~ .:;..;.> 3 ~:62 3 269 .636 
6 1·" 11 1 362 3 269 '-.-.e=' 

.:. .O.:,.~ 

7 1 10 -1 376 e 269 .-,.-.. -, • ..:a.::.,;a 
7 .-. 11 -2 376 0 269 .-,.-,.-. 

.::. .. ~~~ 
7 3 15 -3 376 0 269 .-.. -.. -. 

• .j":!'~ 

7 4 22 -4 376 0 269 .323 
7 5 36 -5 376 0 269 .-,.-,.-. 

.~~~ 

7 6 55 7 376 0 269 .324 
7 7 65 6 376 0 269 .325 
7 8 66 5 376 (1 269 '-.. -.~ 

.";''::'';.J 

7 9 59 4 376 e 269 .324 
7 10 46 3 376 e 269 .~:24 
7 11 30 2 ;::76 €I 269 .-,.-.. -. 

• .:;.:;;..:.t 

7 12 10 1 376 0 269 --."-.. -. . .:-.::..:; 
~:NS A'·lERAGE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..... .~:59 



t11RROR MODULE BENDING AND SHEAR ~lF.:AII ERRORS - RUN #60 GR+l.JIND 

ENTER CENTRAL STRINGER BENDING INERTIAl INt4 = .898 

ENTER CENTRAL STRINGER SHEAR AREAl INt2 = • e66 

ENTER CENTRAL STRINGER SHEAR CONSTANT = 1 

ENTER EDGE STRINGER BENDING INERTIAl INN = .496 

ENTER EIIGE STR I NGER SHEAR AREA I IN t"2 = • e66 

ENTER EDGE STRINGER SHEAR CONSTANT = 1 

ENTER CF.:OSS ~1Er'1:E:ER BENDING INERTIAl INt4 = .43 

ENTER CF.:OSS MEr'tE:ER SHEAR AREAl IN1'2 = .48 

ENTER CF:OSS ~lEt'rE:ER SHEAR CONSTANT = 1 

ENTER STRINGER HALF-SPAN LENGTHI IN = 72 

ENTER CF.:OSS fr1Er1E:ER HALF -SPAN LENGTH I IN = 24 

ENTER STRINGER :3UPPORT LOCATION .. IN = 30 

ENTER CF.:OSS MEr'lE:ER SUPPORT LOCAT ION., IN = 20 

ENTER STRINGER SPACINGI IN = = 8 

ENTER LOADI LB/SQ-FT = 5.164 



MIRROF~ ELENENT VECTOR-SU~1I"1ED SLOPE ERRORS - RUN #60 GR+l·JIND 
-------.------------------------------------------------

••••••••••• MICRO-RADIANS (RAD*lE-6) ••••••••••••• ••• ~1RAD ••• 

(LONG I TUIrI NAL) (TRANSVERSE) AF~EA-l.JE I GHTE 
STRINGER DIRECTION CROSS t'1ENBER II I RECT I ot4 VECTOR-SUt~ 

RIB # NOIrE BENDING SHEAR BENDING ~;HEAR ROTATION TOTAL 
----- ------- ------- ------- ------- -------- -------

1 1 14 -1 €I -13 330 .344 
1 2 15 -4 0 -13 2:30 • ~:44 
1 3 20 -7 0 -13 330 .2:44 
1 4 3e -9 0 -13 330 .344 
1 5 49 -12 0 -13 32:0 .~:45 
1 6 74 17 0 -13 330 ·-Ire: 

• ..:o..J.J 

1 7 88 14 0 -13 330 • ~:5E: 
1 8 89 12 €I -13 330 .358 
1 9 80 9 0 -13 330 .355 
1 10 63 7 0 -13 :330 .35 
1 11 40 4 0 -13 330 .346 
1 12 14 1 0 -13 330 .344 

2 1 14 -1 -325 ' -9 330 .013 
2 .;-- 15 -4 -325 -9 330 .011 
2 3 20 -7 -325 -Q -' 330 .014 
2 4 30 -Q -' -325 _.::, -' 330 .021 
2 5 49 -12 -325 -9 330 .037 
2 6 74 17 -325 -9 330 • t191 
2 7 88 14 3'-'e' - ':;';J -Q ... 330 .102 
2 8 89 12 -325 -Q -' 330 .101 
.") 

" 9 80 9 -325 -Q -' 330 .089 
2 10 63 7 -325 -9 330 .07 
.-. .:;. 11 40 ,4 -325 -9 330 .044 
2 12 14 1 -325 -Q -' 2::;:0 .015 

3 1 14 -1 -444 -4 330 .119 
3 ;2 15_ -4 -444 -4 ~:3e .118 
3 ,-. 

..:0 20 -7 -444 -4 330 .119 
3 4 30 -9 -444 -4 330 I"' • .c;, 

3 5 49 -12 -444 -4 3~:0 .124 
3 6 74 17 -444 -4 330 .149 
3 7 88 14 -444 -4 ~:30 .156 
3 8 89 12 -444 -4 330 .155 
3 9 80 9 -444 -4 330 .148 
3 10 63 7 -444 -4 330 .137 
3 11 40 4 -444' -4 ~:30 .126 
3 12 14 1 -444 -4 3;::0 .119 

4 1 13 -1 -461 0 330 .066 
4 '-. .::. 14 -2 -461 0 330 .066 
4 3 18 -3 -461 0 330 .066 
4 4 27 -5 -461 0 330 .066 
4 5 44 -6 -461 0 330 .068 
4 6 67 8 -461 €I 3;::0 .075 
4 7 8e 7 -461 0 330 .078 
4 8 81 6 -461 €I 330 .078 
4 9 73 5 -461 0 330 .076 
4 10 57 3 -461 0 330 .072 
4 11 36 2 -461 €I 330 .068 
4 1 .... · .:;. 12 1 -461 0 330 • t166 
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r1IRROR ELE,.1ENT VECTOR-SUr'1t'1ED SLOPE Er;~RORS - CONTINUEI' - RUN #60 GR+l,JINI 
-------------------------------------------------------------------

• • • • • • • • • • • ,.11 CRO-F.:AD I ANS (RAD*IE-6) ••••••••••••• ••• NRAD ••• 

(LONGITUDINAL) (TRANSVERSE) AF.:EA-l,JE I GHTE 
STRINGER III RECT I ON CROSS ME,.1BEF.: IIlI;:~ECTI ON VECTOR-SUr' 

RIB # NODE BENIIIHG SHEAR BENDING SHEAR ROTATION TOTAL 
----- ------- ------- ------- ------- -------- -------

5 1 14 -1 325 9 330 .664 
5 2 15 -4 325 Q ." 33e:1 .664 
5 3 20 -7 325 Q ." 33e .664 
5 4 30 -9 . 325 9 33e .664 
5 5 49 -12 325 Q 

-- :;:30 .665 
5 6 74 17 325 9 330 .67 
5 7 88 14 ~:25 9 330 .671 
5 8 89 12 325 9 330 .671 
5 9 80 9 325 9 330 .67 
5 10 63 7 325 9 33e .667 
5 11 40 4 325 9 330 .665 
5 12 14 1 325 Q 

-' 33e .664 

6 1 14 -1 444 4 330 .779 
6 2 15 -4 444 4 330 .779 
6 3 20 -7 444 4 330 .779 
6 4 30 -9 444 4 33e ~-:OQ . ( ( ... 
6 5 4'~ ." -12 444 4 33f1 .78 
6 6 74 17 444 4 ~:30 .784 
6 7 88 14 444 4 33ft .7:::6 
6 8 89 1'-' .::. 444 4 330 .785 
6 9 80 9 444 4 ~:30 .784 
6 10 63 7 444 4 ~::3e .782 
6 ·11 40 4 444 4 330 .78 
6 1'-' .::. 14 1 444 4 330 .779 

7 1 13 -1 461 f1 =3:;:(1 • :396 
7 .-, 14 ---=. 461 €I 330 .396 .::. .:.. 

7 3 18 -3 461 0 330 .396 
7 4 27 -5 461 0 330 .396 
7 5 44 -6 461 €I 330 .396 
7 6 67 8 461 €I 330 .398 
7 7 E:0 7 461 0 33ft .398 

-7 8 81 6 461 0 330 • 39E: 
7 Q 73 5 461 0 330 .39::: ." 
7 10 57 3 461 0 33£1 .397 
7 11 36 2 461 €I 330 .396 
7 12 12 1 461 €I 330 .396 

RMS AVERAGE ................................................ . .... .441 
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9.5.2.2 Rack Structure Deflections 

A computer code named "WINDBEND" was developed to 

evaluate the combined bending and torsion of the torque tube, and 

bending of the truss members. Both gravity and wind can be 

evaluated separately or can be combined to determine the total 

effect. This computer program includes a wind force subroutine in 

which the wind forces are distributed over the mirrored surface of 

the heliostat in accordance with the method outlined in appendix 

section 9.5.1 (see page E-7). The wind or gravity loads from the 

mirror modules are transmitted to the trusses through the 

discrete attachment points, and the resultant beam bending, torque 

tube bending, and torque tube torsion deflections are computed and 

vectorially combined. The program is general in that any wind speed 

or elevation angle case can be evaluated. 

The following section presents the "WINDBEND" analysis 

output for heliostat elevation angles from 00 (vertical) to 900 

(horizontal) for the following cases: 

a. Gravity only, no wind, pg. E-30 through E-4l 

b. No Gravity, 27 mph wind, pg. E-42 through E-53 

c. Gravity plus 27 mph wind, pg. E-54 through E-65 

E-29 



W I NIl & GRAV IT\-' MRAD ERROR ANAL YS I S 

INPUT WI HD SPEEI' AT 30" ~ MPH = 0 

INPUT MIRROR r'10DULE l·JE I GHT ~ EACH ~ LB = 199. 2 

INPUT BEA~1 IHERTIA~ IN-t4 = 249 

I NPUT BEAM loJE I GHT ~ LB/FT = 6. 65 

INPUT TORQUE TUBE LEHGTH~ INCHES = 110.38 

INPUT TORQUE TUBE O.D.J INCHES = 12.75 

INPUT TORQUE TUE:E loJALL THICI<NESS~ INCHES = .25 

TOF.:G!UE TUBE I. II. ~ INCHES = 12. 25 

TORQUE TUE:E BENI/ING n..JERTIAJ INCHES-t4 = 191.82 

TORQUE TUBE + FLANGE EQUIV E:ENDING INERTIA~ INCHES1'4 = 168.43 

TORQUE TUBE POLAR INERTIA~ IHCHESt4 = 383.64 

TORQUE TUBE WEIGHT LB/FT = 33.34 



,.J I ND ANGLE, = 0 IIEG, ,.J I ND SPEED = 121 MPH 

( 1) • BEAM BEND I NG EFFECT (GRAV I T'r' & WIND): 

tol0DLlLE DEF1,IN!4E10t4 IIEF2,IN*10t4 MRAD ERROR 
------ ------------ ------------ ----------

#1 0 0 1E-03 
#2 0 €I 1E-03 
#3 0 121 1E-03 
#4 121 €I 1E-03 
#5 0 €I 1E-03 
#6 0 0 1E-03 

------ ------------ ------------ ----------
HELIOSTAT-AVERAGE MF~AD EF~ROR: 1E-03 

(2). TORQUE TUE:E - loJIND AND GRAVIT'r' TORSIONAL LOADING 

TORSION FROM 

'·JIND 
GRAVITY 

END TORSION 

.51211 

ARITHt1ETIC-SUM ~1F.:AD TOF.:SIONAL ERROR: 

~lID TORSION 

.193 

EFF ~lRAD TORS I 0 

o 
.193 

.193 

(3). TORG!UE TUBE + FLANGE - '·JINI' AND GRA'·/! T'T' LOAII BENDING: 

TOF.:QUE TUBE 

J..JIND 
GRAVITY 

IIEF1,IN*10t4 

o 
803 

'· ... ECTOR-SUfi MRAD BENIIING ERROR: 

o 
70 

MRAII BEND 

o 
.873 

o 

(4) • VECTOR-COt'lB I NED E:EA~l & TORQUE TUBE :E:ENII I NO & TORS I ON EFFECTS: 

TORG!UE TUBE 
t'lIRROR BEAM IIEFLECTION TORSIONAL 
tol0IIlILE f'lF~AD ERROR "lRAD ERROR 
------ --------------- ----------

#1 1E-03 .193 
#2 1E-03 .193 
#3 1E-03 .193 
#4 1E-e3 .193 
#5 1E-e3 .193 
#6 1E-03 .193 

------ --------------- ----------
TOTAL HEL I OSTAT F.:MS "lRAD ERROR: 

E"-31 

TOF.:QUE TUBE 
BENDING 

"lRAD ERF.:OR 

o 
13 
o 
o 
€I 
o 

VECTOR-SUM 
r'lRAD ERROR 

.193 

.193 

.193 

.193 

.193 

.193 

.193 



WIND ANGlE~ = 10 I.EG, WIND SPEED = 0 MPH 

(l).BEAM BENDING EFFECT (GRAVITY & 14IND): 

fo10I'ULE DEF1,IN*10t4 DEF2,IN*10·t4 MRAD ERROR 
------ ------------ ------------ ----------

*1 24 19 .£129 
*2 16 11 .e27 
*3 4 1 .016 
*4 4 1 .016 
*5 16 11 .027 
*6 24 19 .029 

------ ------------ ------------ ----------
HEl I OSTAT -AVERAGE t'1RAD ERROR: 

(2). TORQUE TUBE - lHND AND GRAVITY TORSIONAL lOADING 

TORSION FROM 

l,JIND 
GRAVITY 

END TORSION 

.493 

AR I THf'lET I C-SUM MRAD TORS I ONAl ERROR: 

MID TORSION 

o 
.19 

.024 

EFF MRAD TORSION 

.19 

.19 

(3). TORQUE TUBE + FLANGE - l.JIND ANI' GRA"lIT'T' LOAD :f:ENDING: 

TOF~QUE TUBE 

WIND 
GRAVITY 

DEFt.. IN*10t4 

o 
803 

'",'ECTOR-SUM MRAI' BEt~D I NG ERROR: 

DEF2,IN*le·t4 

o 
70 

f'1RAD BEND 

€I 
.873 

.lS1· 

(4), VECTOR-COfo1BINED E:EAM & TORQUE TlIE:E BENDING & TORSION EFFECTS: 

TORQUE TUBE 
folIRROR BEAM DEFLECTION TORSIONAL 
t'10DULE f'1RAD ERROR t1RAD ERROR 

*1 .029 .19 
*2 • e27 .19 
*3 .e16 .19 
*4 .e16 .19 
*5 .e27 .19 
*6 .029 .19 

TOTAL HELIOSTAT RMS NRAD EF.:ROR: 

£-.12 

TOF.:QUE TUBE 
BENDING 

MRAD ERROR 

.lS1 

.lS1 

.1Sl 

.lS1 

.lS1 

.lS1 

VECTOR-SUM 
MRAD ERROR 

.266 

.264 

.255 

.231 

.222 

.221 

.243 



WIND ANGLE~ = 20 DEGI WIND SPEED = 0 MPH 

(D. BEAM BENDING EFFECT (GRAVITY & WIND): 

tol0DULE DEFl ~ IN*10t4 DEF2~ IN*10t4 MRAD ERROR 
------ ------------ ------------ ----------

#1 48 37 .056 
#2 32 22 .052 
#3 9 3 .032 
#4 9 3 .032 
#5 32 22 .052 
#6 48 37 .056 

------ ------------ ------------ ----------
HELIOSTAT-AVERAGE MRAD ERROR: .046 

(2). TORQUE TUBE - leJIND AND GRAVITy' TORSIONAL LOADING 

TORSION FROM END TORSION 
------------ -----------
loJIND 0 
GRAVITY .47 
------------ -----------
ARITHt'lETIC-SUM t'lRAD TORSIOt~AL ERROR: 

MID TORSION 
-----------

0 
• 181 

-----------

EFF tolRAD TOF$ION 

o 
.181 

.181 

(3). TORQUE TUBE + FLANGE - L,JIND AND GRAVI T'r' LOAD :E:ENDING: 

TORQUE TUI:E IrEFL IN*101'4 DEF2} IH*101'4 NRAIr BENIr 
----------- ----------- ----------- ---------
L,JIND 0 0 0 
GRAVITY 803 70 .873 
----------- ----------- ----------- ---------
' .. ,'ECTOR-SUM MRAD BENI'ING EF~ROR: .298 

. (4) • VECTOR-COt1B I NED I:EAM & TORQUE TUI:E· E:END I NG 6~ TORS ION EFFECTS: 

tolIRROR· 
to1OnULE 

#1 
#2 
#3 
#4 
#5 
#6 

I:EAI"1 DEFLECT I ON 
t1RAD ERF.:OR 

.056 
'.052 
.032 
.032 
.052 
.056 

TORG!UE TUBE 
TOF.:S I ONAl 
MRAD ERROR 

.181 

.181 

.181 

.181 

.181 

.181 

TOTAL HELIOSTAT RMS to1RAD EF~ROR: 

£-J.3 

TOF.:QUE TUBE 
BENDING 

NRAD ERROR 

.298 

.298 

.298 

.298 

.298 

.298 

VECTOR-SUM 
MRAD ERROR 

.38 

.378 

.366 

.333 

.325 

.323 

.351 



WIND ANGLE, = 30 IIEO, WIND SPEED = 0 MPH 
---------------------------------------~------

(l).BEAM BENDING EFFECT (GRAVITY & WIND): 

,..,0DULE DEF1/IN*10t4 DEF2,IN*10t4 .MRAD ERROR 
------ ------------ ------------ ----------

#1 71 55 .081 
#2 47 32 .076 
#3 13 4 .047 
#4 13 4 .047 
#5 47 32 .076 
#6 71 55 .081 

------ ------------ ------------ ----------
HELIOSTAT-AVERAGE MRAD ERROR: .e68 

(2).TORQUE TUBE - WIND AND GRAVITY TORSIONAL LOADING 

TORSION FROM END TORSION 
------------ -----------
l,JIND 0 
GRAVITY .433 
------------ -----------
ARITHMETIC-SUM MRAD TORSIONAL ERROR: 

MIII TORSION 
-----------

0 
.167 

-----------

EFF MRAD TOF$ION 

€I 
.167 

.167 

(3). TORQUE TUE:E + FLANGE - WIND AND GRA',lITY LOAD BENDING: 

TORQUE TUBE IIEFl, H'*10t4 I1EF2,IN*101-4 MRAD E:END 
----------- ----------- ----------- ---------
,.,fIND 0 0 0 
GRAVITY 803 70 .873 
----------- ----------- ----------- ---------
VECTOR-SUti MRAII BENDING ERROR: .436 

- (4). VECTOR-cor'1BINED BEAM & TORQUE TUBE E:ENIIING & TORSION EFFECTS: 

TORQUE TUBE TORQUE TUBE 
MIRROR BERti DEFLECTION TORSIONAL BENDING VECTOR-SUM 
,..,0DULE MRAD ERROR r1RAD ERROR MRAD ERROR f'1J;:AD ERROR 
----- --------------- ---------- ----------- ----------

#1 • e81 .167 .436 .501 
#2 .076 .167 .436 .499 
#3 .047 .167 .436 .485 
#4 .047 .167 .436 .452 
#5 .076 .167 .436 .445 
#6 .081 .167 .436 .444 

------ --------------- ---------- ----------- ----------
TOTAL HELIOSTRT RMS MRAD ERROR: .471 

is -:34 



WIND ANGLE I = 4e DEGI WIND SPEED = €I MPH 
----------------------------------------------

(1).BEAM BENDING EFFECT (ORAVIT'r' & loJIND): 

t10DULE DEF1IIN*10t4 DEF2IIN*10t4 MRAD ERROR 
------ ------------ ------------ ----------

#1 91 70 .105 
#2 61 42 .998 
#3 17 5 .06 
#4 17 5 .06 
#5 61 42 .098 
#6 91 70 .105 

------ ------------ ------------ ----------
HELIOSTAT-AVERAGE MRAD ERROR: .987 

(2).TORQUE TUBE - WIND AND GRAVITY TORSIONAL LOADING 

TORSION FROM END TORSION 
------------ -----------
HIND €I 
GRAVITY .383 
------------ -----------
AR I THt1ET I C-SUM MF~AD TORS IONAl ERROR: 

MID TORSION 
-----------

€I 
.148 

-----------

EFF MRAD TORSION 

€I 
.148 

.148 

(3). TORGJUE TUBE +' FLANGE - !·JIND AND GRAVIT',.. LOAD BENDING: 

TORQUE TUBE 

l·JI.ND 
GRAVITY 

DEFL IN*13t4 

803 

VECTOR-SUt1 t'lRAD BEND I NO .ERROR: 

70 

NRAD BEND 

€I 
.873 

.561 

(4). VECTOR-COMBINED BEAM & TORQUE TUBE E:ENDING & TORSION EFFECTS: 

TOF.:QUE TUBE 
,..1 I F~ROR E:EAM DEFLECT I ON TORS IONAL 
t'10DlIlE ,..lRAD ERROR MRAD ERROR 

#1 
#2 
#3 
#4 
#5 
#6 

.135 

.098 

.06 

.06 

.098 

.1'35 

.148 

.148 
.148 
.148 
.148 
.148 

TOTAL HELIOSTAT RMS MRAD ERROR: 

£-35 

TORQUE TUBE 
BENDING 

MF.:AD ERROR 

.561 

.561 
.561 
.561 

.561 

.561 

VECTOR-SUM 
,..1RAD EF~ROR 

.615 

.612 
.598 
.568 
.563 
.562 

.586 



WIND ANGLEI = sa DEG, WIND SPEED = a MPH 
-------------------------------------~--------

(l).BEAM BENDING EFFECT (GRAVITY & WIND): 

MODULE DEF1IIN*1014 DEF2,IN*1014 MRAD ERROR 
------ ------------ ------------ ----------#1 109 84 .124 

#2 73 S0 .117 
#3 21 7 .071 
#4 21 7 .071 
#5 73 50 .117 
#6 109 84 .124 ------ ------------ ------------ ----------

HELIOSTAT-AVERAGE MRAD ERROR: .104 

(2).TORQUE TUBE - WIND AND GRAVITY TORSIONAL LOADING 

TORSION FROM 

WIND 
GRAVITY 

END TORSION 

o 
.322 

ARITHMETIC-SUM MRAD TORSIONAL ERROR: 

MIl' TORSION 

o 
.124 

EFF ~1RAD TORSION 

o 
.124 

.124 

(3). TORQUE TUBE + FLANGE - l~IND ANII GRAI·lITY LOAI' BENDING: 

TORQUE TUBE IIEFL IN*10t4 DEF2,IN*10t4 ~1RAD E:END 
----------- ----------- ----------- ---------
l·JIND 0 0 0 
GRAVITY 803 70 .873 
----------- ----------- ----------- ---------
VECTOR-SUM MRAD BENI'ING ERROR: .669 

(4). VECTOR-CO~1BINEI' BEAM & TORQUE TUBE BENDING & TORSION EFFECTS: 

TORQUE TUBE TORQUE TUBE 
NIRROR BEAM I1EFLECTION TORSIONAL BEND I t"G -VECTOR-SUM 
NODULE MRAD ERROR MRAD ERROR NRAI' ERROR NRAII ERROR 
------ --------------- ---------- ----------- ----------#1 .124 .124 .669 .713 

#2 .117 .124 .669 .711 
#3 .071 .124 .669 .696 
#4 • ~171 .124 .669 .671 
#5 .117 .124 .669 .669 
#6 .124 .124 .669 .669 

------ --------------- ---------- ----------- ----------TOTAL HELIOSTAT RMS MRAD ERROR: .68S 



WIND ANGLEI = 60 DEGI WIND SPEED = 0 MPH 
----------------------------------------------

(1). BEAM BENDING EFFECT (GRAVIT'T' & loJIND): 

t'10I'UlE DEFIIIN*10t4 DEF2 .. IN*10t4· MRAD ERROR 
------ ------------ ------------ ----------

#1 123 95 .141 
#"" , 82 56 .132 
#3 24 8 .02 
#4 24 8 .08 
#5 82 56 .132 
#6 123 $IS .141 

------ ------------ ------------ ----------
HElI OSTAT-AVERAGE MRAD ERROR: .117 

(2), TORQUE TUBE - lUND AND GRAVIT'T' TORS'IONAl LOADING 

TORSION FROM 

J..JIND 
GRAVIT'r' 

END TORSION 

.25 

ARITHMETIC-SUt1 r1RAD TOF~SIONAL ERROR: 

MID TORSION 

o 
.096 

EFF ~lRAD TOF~S I ON 

o 
.096 

.096 

(3), TORQUE TUBE + FLANGE - l.JIND At,1II GRA"lIT'T' LOAD BEt,IIIING: 

TORQUE TUBE 

l,JIND 
GRAVITY 

IrEFL IN*10t4 

o 
803 

VECTOR-sur1 MRAD E:ENI' I NG ERROR: 

£I 
70 

~lF.:AII :E:END 

o 
.873 

.756 

(4).VECTOR-COME:INED BEAM & TORQUE TUE:E BENnING ~~ TORSION EFFECTS: 

TORQUE TUBE 
NIRROR BEAr'l DEFLECTION TOF.:SIONAl 
NODULE t1RAD EF.:ROR MRAD ERROR 

#1 
#2 
#3 
#4 
#S 
#6 

.141 

.1:32 

.£18 

.08 

.132 

.141 

.096 

.096 
.096 
.096 
.~196 
.~196 

TOTAL HElIOSTAT RMS NRAD ERROR: 

12-37 

TOF.:QUE TUBE 
BENIIING 

~lRAII EF~ROR 

.756 

.756 
.756 
.756 
.756 
.756 

VECTOR-SUM 
~lRAI' ERROR 

.792 

.789 
.776 
.756 
.756 
.757 

.771 



WIND ANGLE I = 70 DEGI WIND SPEED = 0 MPH 
----------------------------------------------

( 1 ) • BEAM BEND I NG EFFECT (GRAV I TI,.' & loJ I ND) : 

MODULE DEFIIIN*1014 IIEF2 .. IN*10t4 MRAD ERROR 
------ ------------ ------------ ----------

#1 133 193 .153 
#2 90 61 .143 
#3 26 S .987 
#4 26 8 .087 
#5 90 61 .143 
#6 133 193 .153 

------ ------------ ------------ ----------
HELI OSTAT-AVERAOE MRAD ERROR: .127 

(2). TORGUE TUBE - loJIND ANI' GRAVITY TORSIONAL LOADING 

TORSION FROM END TORSION MID TORSION EFF ~1RAD TORS 1 ON 
------------ ----------- -----------
loJIND 9 €I 
GRAVITY .171 .066 
------------ ----------- -----------
ARITHMETIC-SUM MRAD TORSIONAL ERROR: .066 

(3). TORQUE TUBE + FLANGE - WIND AND ORAVIT'r1 LOAI' :E:ENDING: 

TORQUE TUBE 

,.,fIND 
GRAVITY 

DEF1..IN*10t4 

o 
803 

VECTOR-SUM MRAD BENDING ERROR: 

DEF211N*10t4 

o 
70 

t'1RAI' BEND 

9 
.873 

.82 

- (4) • VECTOR-CONB I NED BEAM .& TORQUE TUBE :E:END I NO .& TORS I ON EFFECTS: 

TORQUE TUBE 
MIRROR BEAM DEFLECTION TORSIONAL 
t10DULE f'1RAD ERROR MRAD ERROR 

#1 
#2 
#3 
#4 
#5 
#6 

.153 

.143 

.e87 

.e87 

.143 

.153 

.066 

.066 

.e66 

.066 
• £166 . 
.066 

TOTAL HEL IOSTAT RMS t'1RAD ERROR: 

TORQUE TUBE 
BENIIING 

t'1RAD ERROR 

.82 

.82 

.82 

.82 

.82 

.82 

VECTOR-SUM 
t'1RAIr ERROR 

.848 

.846 

.E:34 

.82 

.823 

.824 

.832 



WIND ANGLE I = S0 DEGI WIND SPEED = 0 MPH 

( 1) • BEAM BEND I NG EFFECT (GRAV I TY & l.,f I ND) : 

NODULE lIEF 1 I IN*10t4 DEF2/IN*10t4 MRAD ERROR ------ ------------ ------------ ----------
#1 140 10S .16 
#2 94 64 .15 
#3 27 9 .091 
#4 27 9 .091 
#S 94 64 .15 
#6 140 108 .16 

------ ------------ ------------ ----------
HELIOSTAT-AVERAGE MRAD ERROR: .133 

(2).TORQUE TUBE - WIND AND GRAVITY TORSIONAL LOADING 

TORSION FROM END TORSION ~lID TORSION EFF ,.,RAD TOF~S I ON 
------------ ----------- -----------
l.,fIND 0 0 o 
GRAVITY .087 0'-'~' . ~.,.:, .033 
------------ ----------- ---------.~- .-
ARITHMETIC-SUM MRAD TORSIONAL ERROR: .033 

(3). TORQUE TUBE + FLANGE - l.,fINI' ANI' GRA ..... IT'r' LOAI' BENDING: 

TORQUE TUBE 

.·JIND 
GRAVITY 

DEFL IN*10t4 . 

893 

VECTOR-SU~l MRAD BENI' I NG ERROR: 

,.1RAI' BENI' 

70 .873 

.86 

(4), VECTOR-CO,.1BINED BEFfr1 & TORG!UE TUBE BENI'ING & TORSION EFFECTS: 

TOFt:QUE TUBE 
MIRROR BEAM DEFLECTION TORSIONAL 
,.10DULE r1RAD ERROR MFt:AI' ERROR 

#1 
#2 
#3 
#4 
#5 
#6 

.16 

.15 

.091 

.091 

.15 

.16 

.033 

.033 
n'-.·~ 

.a~..:> 

.£133 
.033 
.033 

TOTAL HEL IOSTAT RMS ,.1RAD ERROR: 

TORQUE TUE:E 
BENDING 

,.1RAD ERROR 

.86 

.86 
.86 
.86 

.86 

.86 

VECTOR-SU~l 
,.,RAD ERROR 

.881 

.879 
.868 
.861 

.867 

.869 

.S7 



WIND ANGLE I • = 90 DEG I ,oJ I ND SPEED = 0 ft1PH 

(l).BEAM BENDING EFFECT (GRAVITY & WIND): 

ft10DlILE DEF1/IN*10t4 DEF2" IN*10t4 MRAD ERROR 
------ ------------ ------------ ----------

11 142 110 .162 
12 95 65 .152 
#3 27 9 .093 
14 27 9 .093 
#5 95 65 .152 
16 142 110 .162 

------ ------------ ------------ ----------
HEL I (lSTAT -AVERAGE MF~AD ERROR: 

(2). TORQUE TUBE - 'oJIND AND GRAVITY TORSIONAL LOADING 

TORSION FROM 

'oJIND 
GRAVITY 

END TORSION 

o 
-1E-03 

ARITHMETIC-SUM MRAD TORSIONAL ERROR: 

MID TORSION 

o 
-1E-03 

.135 

EFF MF~AD TORS I ON 

€I 
-1E-03 

-1E-03 

(3). TORGIUE TUBE + FLANGE - !oJ I ND AND GRA'·,.. I T'r' LOAD BENI' I NG : 

TORQUE TUBE 

loJIND 
GRAVITY 803 

VECTOR-SUM ",RAD BEND I NG ERROR: 

t'1RAI, BEND 

70 .873 

.873 

(4).VECTOR-COMBINEI' BEAM & TORQUE TUBE BENDING $; TORSION EFFECTS: 

TORQUE TUBE TORQUE TUBE 
\jIRROR I:EAM I'EFLECT I ON TORSIONAL BENDING VECTOR-SUM 
ftl0I'ULE MRAI' ERROR NRAD ERROR NRAD ERROR ftlRAD ERROR 
------ --------------- ---------- ----------- ----------

#1 .162 -1E-03 .873 .887 
12 .152 -1E-03 .873 .885 
13 .093 -1E-03 .873 .877 
14 .093 -1E-03 .873 .877 
15 .152 -1E-03 .873 .886 
16 .162 -1E-03 .873 .887 

------ --------------- ---------- ----------- ----------
TOTAL HELIOSTAT RMS MRAfr ERROR: .883 



TOTAL FIELD STAT I ST I CAL SU~1MARY: 

FIELD RMS MRAD ERROR = .638 

£ - ttl 



,oJ I ND ONLY (ZERO GRAV I TY) MRAD ERROR ANAL 'T'S I S 
--------------------------------------------

INPUT WIND SPEED AT 30"., folPH = 27 

INPUT MIRROR MODULE '.JE I GHT., EACH., LB = 0 

INPUT BEAM INERTIA., INt4 = 249 

INPUT BEAM WEIGHT., LB/FT = 0 

INPUT TORQUE TUBE LENGTH., INCHES = 110.38 

INPUT TORQUE TUBE O.D • ., INCHES = 12.75 

I NPUT TORQUE TUBE '·JALL TH I CKNESS J INCHES = • 25 

--------------------------------------------------------
TORG!UE TUBE I. II • ., INCHES = 12. 25 

TORQUE TUBE BENDING INERTIA., INCHESt4 - 191. 82 

TORQUE TUBE + FLANGE EQUIV BENDING INERTIA., INCHESt4 = 168~43 
TORQUE TUBE POLAR INERTIA., INCHESt4 = 383.64 

TORQUE TUI:E '..,EIGHT LB/FT = 0 



GRAVITY LOAD = 01 WIND ANOLEI = 0 DEGI tHND SPEED = 27 MPH 

(1).BEAM BENDING EFFECT (GRAVITY & WIND): 

NODULE DEF1IIN*10t4 DEF2IIN*10t4 MRAD ERROR 
------ ------------ ------------ ----------

#1 43 33 .£149 
#2 29 19 .e46 
#3 8 2 .929 
#4 8 2 .929 
#5 29 19 .046 
#6 43 33 .049 

------ ------------ ------------ ----------
HELI OSTAT-AVERAGE MRAD ERROR: .£141 

(2). TORQUE TUBE - ~J I ND AND GRAV I T~I TORS I ONAL LOAI'I NG 

TORSION FROM 

l·JIND 
GRAVITY 

END TORSION 

£I 
£I 

ARITHMETIC-SUM MRAD TORSIONAL ERROR: 

MID TORSION 

€I 
€I 

EFF MRAD TORSION 

€I 
£I 

£I 

(3). TORQUE TUBE + FLANGE - l·JIt·m ANI' ORAI·lIT',.1 LOAI! E:ENDING: 

TORQUE TUBE 

l·JIND 
GRAVITY 

228 
£I 

I .. ,IECTOR-SUM MRAD E:END I NO ERROR: 

£I 

~lRAI' BEND 

19 .248 

.248 

(4). VECTOR-COt1BINED E:EAM & TORQUE TUBE E:ENDING 6, TORSION EFFECTS: 

TORQUE TUBE 
"'lIRf~OR BEAM I'EFLECTION TORSIONAL 
MODULE MRAD ERROR ,..lRAII ERROR 
------ --------------- ----------

#1 .049 £I 
#2 .946 £I 
#3 .929 £I 
#4 .929 £I 
#5 .946 £I 
#6 .049 0 

------ --------------- ----------
TOTAL HELIOSTAT RMS MRAD ERROR: 

TORGUE TUBE 
BENDING 

,..,RAD ERROR 

.248 

.248 

.248 

.248 

.248 

.248 

l·lECTOR-SUM 
MRAII EF.:ROR 

.252 

.252 

.249 

.249 

.252 

.252 

.251 



GRAVITY LOAD = 0 .. '4IND ANGLE .. = 10 DEO .. WIND SPEED = 27 MPH 
--------------------------------------------------------------

(l).BEAM BENDING EFFECT (GRAVITY & WIND): 

NODULE DEF1 .. IN*10t4 I'EF2 .. IN*10t4 ~1RAD ERROR 
------ ------------ ------------ ----------

#1 49 38 .056 
#2 33 22 .053 
#3 9 3 .032 
#4 7 2 .025 
#5 25 17 .04 
#6 37 28 .043 

------ ------------ ------------ ----------
HELIOSTAT-AVERAGE MRAD ERROR: .041 

(2). TORQUE TUBE -:- 'HND ANI' GRAVITY TORSIONAL LOADING 

TORSION FROM 

'HND 
GRAVITY 

END TORSION 

.062 
o 

ARITHMETIC-SUM t1F~AD TORSIONAL ERROR: 

MID TORSION 

.024 
o 

EFF MRAD TORSION 

.024 
o 

.024 

(3). TORQUE TUBE + FLANGE - ,oJ I tiD AND GRAV I TV LOAI' BEND I NO: 

TORQUE TUBE 

'.JIND 
GRAVITY 

DEF1 .. IN*10t4 

228 
o 

VECTC'R-SUM MRAD .BEND I NG ERROR: 

t'1RAD BEND 

19 .248 
o o 

.248 

(4). VECTOR-COMBINEI' BEAN & TORQUE TUBE :BENDING & TORSION EFFECTS: 

TORQUE TUBE 
MIRROR BEAt1 DEFLECTION TORSIONAL 
MODULE t1RAD ERROR t1RAD ERROR 

#1 
.#2 
#3 
#4 
#5 
#6 

.056 

.053 

.032 

.025 

.04 

.043 

.024 

.024 

.024 

.024 
.024 
.024 

TOTAL HELIOSTAT RMS NRAD ERROR: 

TOF.:QUE TUBE 
BENDING 

~1RAD ERROR 

.248 

.248 

.248 

.248 
.248 
.248 

VECTOR-SUM 
t'1RAD ERROR 

.26 

.259 

.254 

.248 
.248 

.248 

.252 



GRAVITY lOAD = eJ WIND ANGlEJ = 2£1 DEGJ WIND SPEED = 27 MPH 
--------------------------------------------------------------

( 1 ) • BEAM BEND I NO EFFECT (GRAV I rT' & ,.J I ND) : 

"10DUlE DEFl J IN*10t4 I'EF2J IN*10t4 MRAD ERROR 
------ ------------ ------------ ----------

#1 53 41 .961 
#2 36 24 .057 
#3 10 3 .035 
#4 6 2 .023 
#5 22 15 .936 
#6 33 25 .939 

------ ------------ ------------ ----------
HElIOSTAT-AVERAGE MRAD ERROR: .041 

(2). TORQUE TUBE - l~ I ND AND GRAV I TY TORS I ONAl lOAD I NG 

TORSION FROM 

l~INI' 
GRAVITY 

END TORSION 

.102 
€I 

AR I THMET I C-SUM MRAII TORS I ONAl ERROR: 

MID TORSION 

.039 
o 

EFF MRAD TORSION 

.039 
€I 

.£139 

(3). TORQUE TUBE + FLANGE - '·JIND AND GRAVIT'T' lOAD BENDING: 

TORQUE TUBE 

l~IND 
GRAVITY 

DEFL IN*10t4 

239 
o 

..... ECTOR-SUM MRAD E:ENDING ERROR: 

19 
€I o 

t'lRAI' BEND 

2-~ . \:) 

.25 

- (4). VECTOR-COtiBINED BEAM & TORQUE TUBE BENIrING & TORSION EFFECTS: 

TORQUE TUBE 
t'1IRROR BEAti I'EFlECTION TORSIONAL 
NODULE MRAD ERROR MRAII . ERROR 

#1 
#2 
#3 
#4 
#5 
#6 

• £161 
.£157 
.£135 
.023 
.036 
.039 

.339 

.039 

.0~:9 

.039 

.039 

.039 

TOTAL HELIOSTAT RMS /"tRAD ERROR: 

TORQUE TUBE 
BENIIING 

I"lRAD ERROR 

.25 

.25 

.25 

.25 

.25 

.25 

VECTOR-SUM 
MF~AD ERROR 

.269 

.267 

.26 

.25 

.25 

.25 

.257 



GRAVITY LOAD = 01 WIND ANGLEI = 30 DEGI WIND SPEED = 27 MPH 
--------------------------------------------------------------

(l).BEAM BENDING EFFECT (GRAVIT'y· & WIND): 

NODULE DEF1IIN*10t4 DEF2 .. I N:+il 0 t4 ~1RAD ERROR ------ ------------ ------------ ----------
#1 57 44 .066 
#2 38 26 .061 
#3 11 3 .038 
#4 6 2 .021 
#5 20 14 .033 
#6 30 23 .035 

------ ------------ ------------ ----------
HELIOSTAT-AVERAOE MRAD ERROR: 

(2). TORQUE TUBE - loJIND AND GRAVIT'y· TORSIONAL LOADING 

TORSION FROM 

l·JIND 
GRAVITY 

END TORSION 

.132 
o 

ARITHMETIC-SUM MRAD TORSIONAL ERROR: 

MID TORSION 

.051 
o 

.042 . 

EFF ~lRAD TORSION 

.051 
o 

.051 

(3). TORQUE TUBE + FLANGE - ,oj I ND AND ORAV I T·'" LOAD BEND I NG : 

TORQUE TUBE 

'·JIND 
GRAVITY 

DEF1 .. IN*10t4 

231 
o 

•• ... ECTOR-SUM MRAD BEND I NG ERROR: 

19 .252 
o o 

.252 

(4).VECTOR-COMBINED E:EAM ~~ TORQUE TUBE BENDING & TORSION EFFECTS: 

TO~:QUE TUBE 
MIRROR BEAM DEFLECTION TORSIONAL 
t'10DULE ,..lRAD EF~ROR t'lRAD ERROR 
------ --------------- ----------

#1 .e66 .051 
#2 .e61 .051 
#3 .e38 • €151 
#4 .021 .051 
#5 .033 .051 
#6 .035 .051 

------ --------------- ----------
TOTAL HELIOSTAT RMS NRAD ERROR: 

TORQUE TUBE 
BENDING 

MF~AD ERROR 

.252 

.252 

.252 

.252 

.252 

.252 

VECTOR-SUM 
NRAII ERROR 

.277 

.275 

.267 

.253 

.252 

.252 

.262 



GRAVITY LOAD = €II WIND ANGLEI = 40 DEGI WIND SPEED = 27 t-1PH 
--------------------------------------------------------------

(1). BEAti BENDING EFFECT (GRAVITY & loJIND): 

I"10DUlE DEF11 1t~*10t4 DEF2 .. IN*le14 MRAD ERROR 

#1 
#2 
#3 
#4 
#5 
#6 

59 
39 
11 
5 

20 
29 

HEL 1 08TAT -AVERAGE ,..1RAD ERROR: 

45 
27 

3 
2 

13 
22 

(2). TORQUE TUBE - WIND ANI' GRAVIT',.' TORSIONAL lOADING 

TORSION FROM 

J..JIND 
GRAVIT'T' 

END TORSION 

.148 
€I 

ARITH,..1ETIC-SUM MF.:AD TORSIONAL ERF.:OR: 

MID TORSION 

• e57 
€I 

.£168 

.£163 

.£139 

.£12 

.£131 

.£134 

.£142 

EFF ,..lRAD TORSION 

.057 
€I 

.e57 

(3). TORQUE TUBE + FLANGE - ,.J I ND AND GRAV I T'T' LOAD :E:END I NG : 

TORG!UE TUBE 

'·JIND 
GRAVITY 

233 
€I 

'· ... ECTOR-SUM MRAI' BEND I NO EF.:ROR: 

DEF2J IN*10·t4 

2e 
€I 

t'lRAD E:END 

.254 
o 

.254 

(4). VECTOR-COt1BINED BEAti & TORQUE TUBE BENDING & TORSION EFFECTS: 

TO';':QUE TUBE 
1"1 I RROR BEAti IIEFLECT I ON TORS IONAl 
t'10DUlE MRAI' ERROR I1RAD ERROR 

#1 
#2 
#3 
#4 
#5 
#6 

.068 

.£163 

.039 

.e2 
• e31 
.034 

.e57 

.057 

.e57 
.e57 
.057 
.057 

TOTAL HEl IOSTAT F.:MS t-1RAD ERROR: 

TORQUE TUBE 
BENDING 

1·1F.:AD ERROR 

.254 

.254 

.254 
.254 
.254 
.254 

VECTOR-SUM 
l'lRAD ERROR 

.283 

.28 

.271 
.256 

.255 

.255 

.266 



GRAVITY LOAD = 0., loJIND ANGLE., = 50 DEG., lHND SPEED = 27 f\lPH 
--------------------------------------------------------------

(l).BEAM BENDING EFFECT (GRAVITY & WIND): 

ftl0DULE DEF1., IN*10t4 DEF2., IN*10t4 f\lRAD ERROR ------ ------------ ------------ ----------
#1 60 46 .069 
#2 40 27 .065 
#3 11 3 .04 
#4 5 1 .018 
#5 17 12 .028 
#6 26 20 .031 

------ ------------ ------------ ----------
HELI OSTAT-AVERAGE MRAD ERROR: .041 

(2). TORQUE TUBE - loJIND AND GRAVITY TORSIONAL LOADING 

TORSION FROM 

loJIND 
GRAVITY 

END TOFt:S I ON 

.169 
o 

ARITHMETIC-SUM MRAD TORSIONAL ERROR: 

MID TORSION 

.065 
o 

EFF f\lRAD T(tF~SION 

.065 
o 

.065 

(3). TORG'JUE TUBE + FLANGE - l.JIND AND GRAVITY LOAD BENDING: 

TORQUE TUE:E 

loJIND 
GRAVITY 

233 
o 

VECTOR-SUM t1RAD BEND I NG ERROR: 

o 

-

t'lRAII BEND 

19 .253 
o 

.253 

(4) • VECTOR-COt1B I NED BEAt1 & TORQUE TUE:E :E:END I NG & TORS I ON EFFECTS: 

TORQUE TUBE 
MIRROR BEAM DEFLECTION TORSIONAL 
f"lODULE "'F~AD EF.:ROR MRAD ERROR 
------ --------------- ----------

#1 .069 .£165 
#2 .065 .065 
#3 .04 .065 
#4 .018 .€165 
#5 .028 • £165 
#6 .031 .065 

------ --------------- ----------
TOTAL HEL I OSTAT F~f\lS t'lFt:AD EF.:ROR: 

TORQUE TUBE 
BENDING 

,.,RAD ERROR 

.253 

.253 
.253 
.253 
.253 
.253 

I",IECTOR-SUM 
f\lRAD ERROR 

.286 

.284 
.273 

.257 

.255 

.255 

.268 



GRAVITY LOAD = 0 .. ~IIND ANGLE} = 60 I'EG.. lHND SPEED = 27 MPH 
--------------------------------------------------------------

(1 ) • BEAM BEND I NG EFFECT (GRAV I T'T' & ,.J! ND) : 

NODULE DEFl .. IN*10t4 DEF2 .. IN*10t4 ~1RAD ERROR 
------ ------------ ------------ ----------

#1 60 46 .069 
#2 4e 27 .065 
#3 11 3 .039 
#4 4 1 .e14 
#5 13 9 .021 
#6 19 15 .024 -----_. ------------ ------------ ----------

HELL OSTAT -A'·.·'ERAGE MF~AD ERROR: .038 

(2). TORQUE TUBE - l~INI' AND GRAVIT'r' TORSIONAL LOADING 

TORSION FROM 

l·JIND 
GRAVITY 

END TORSION 

.198 
o 

ARITHt1ETIC-SUI"1 t'1RAD TORSIONAL ERROR: 

~lID TORSION 

.076 
€I 

EFF ~1RAD TOF!:S I ON 

.076 
o 

.076 

(3). TORQUE TUE:E + FLANGE - l~ I ND AND GRA'· ... I T'T' LOAI' BEt·m I NG : 

TOF!:QUE TUBE 

l·JIND 
GRAVITY 

218 
€I 

'.,.IECTOR-SUM MRAD E:ENI' I NG ERROR: 

18 .237 
o 

.237 

(4). VECTOR-COt1BINED BEAt1 8: TORQUE TUBE BENDING 8: TORSION EFFECTS: 

TORQUE TUBE 
NIRF!:OR E:EAM DEFLECTION TORSIONAL 
t'10DlILE I"1RAD ERROR I"1RAD ERROR 

#1 
#2 
#3 
#4 
#5 
#6 

.069 

.065 

.e39 

.014 

.021 

.024 

.076 

.076 

.076 

.076 

.e76 

.076 

TOTAL HEL I OSTAT RMS ~1RAD ERROR: 

TORQUE TUBE 
BENDING 

t'1RAD ERF~OR 

.237 

.237 

.237 

.237 

.237 

.237 

' ••• IECTOR-SUM 
t'1RAD ERROR 

.277 

.275 

.263 

.245 

.243 

.242 

.257 



GRAVITY LOAD = 0J lHND ANGLE .. = 70 DEG .. ~JIND SPEED = 27 NPH 
--------------------------------------------------------------

(1 ) • BEAM BEND I NG EFFECT (GRAV IT'll & loJ I ND) : 

ftl0DULE DEF1 J IN*10t4 I'EF2 .. IN*10t4 MRAD ERROR 
------ ------------ ------------ ----------

#1 59 46 .069 
#2 40 27 .065 
#3 11 3 .039 
#4 2 0 BE-03 
#5 7 5 .012 
#6 10 8 .£114 

------ ------------ ------------ ----------
HELIOSTAT-AVERAGE MRAD ERROR: 

(2). TORQUE TUBE - l.JIND AND GRAVIT'r1 TORSIONAL LOADING 

TORSION FROM 

'·JIND 
GRAVITY 

ENI' TORS I ON 

.245 
o 

ARITHMETIC-SUM ~lRAD TORSIONAL . ERROR : 

ftlII' TORSION 

.094 
o 

.£134 

EFF ft1RAD TORS ION 

.094 
o 

.094 

(3). TORQUE TUBE + FLANGE - l·UND AND GRAVIT" LOAD BENDIt-lG: 

TORQUE TUBE 

l.JIND 
GRAVITY 

DEF1 .. IN*10t4 

172 
o 

VECTOR-SUt1 MRAI' BEND I NG ERROR: 

r'1RAD BEND 

14 .187 
o 

.187 

(4) • VECTOR-COME: I NED BEAM & TORQUE TUBE BENI' I NG ~~ TOF.:S I ON EFFECTS: 

ftlIRROR 
r'10DULE 

#1 
#2 
#3 
#4 
#5 
#6 

TORQUE TUBE 
E:EAM DEFLECT I ON TORS I ONAL 

MRAD ERROR MRAD ERROR 

.069 

.065 

.£139 
8E-0S 
.012 
.£114 

.094 

.094 

.094 
.094 

.094 

.094 

TOTAL HEL I OSTAT Rt1S folRAD ERF.:OR: 

E-So 

TORQUE TUBE 
BENDING 

r'lRAD ERROR 

.187 

.187 

.187 
.187 

.187 

.187 

VECTOR-SU~l 
t1RAI' ERROR 

.248 

.245 

.229 
.206 

.204 

.203 



GRAVITY LOAD = 0J WIND ANGLEJ = 80 DEGJ '~IND SPEED = 27 MPH 
--------------------------------------------------------------

( 1 ) • E:EAM BEND I NG EFFECT (GRAV I TIr' & ,.., I ND) : 

"1ODULE MRAD ERROR 

#1 
#2 
#3 
#4 
#5 
#6 

34 
23 

6 
o 
1 
2 

HELIOSTAT-AVERAGE r'lF~AD ERROR: 

26 
15 

2 
o 
o 
1 

(2). TORQUE TUBE - ,.J! ND AND GRAV I T'l" TORS I ONAL LOAI' I NG 

TORSION FROM 

'·JIND 
GF~AVITY 

END TORSION 

.163 
o 

ARITHNETIC-SUN NF::AD TORSIONAL ERROR: 

~lID TORSION 

.063 
o 

.04 

.038 

.022 
2E-03 
3E-03 
3E-03 

.018 

EFF ~lF~AD TORS I ON 

.063 
o 

.863 

(3). TOF.:QUE TUBE + FLANGE - l.JIND ANI' GRAVITIr' LOAD BEt~DING; 

TORQUE TUBE 

'·UND 
GRAVITY 

75 
o 

'· ... ECTOR-SUti NF~AI' BENI'ING ERROR: 

6 
o 

~lRAI' BEND 

.082 

(4). ' ... 'ECTOR-COl'lBINED E:EAt1 .& TORQUE TUBE E:ENDING & TORSION EFFECTS: 

TORG!UE TUBE 
",IRROR BEAt'l IIEFLECT I ON TORSIONAL 
NOI'ULE ~lRAD ERROR /"tRAI' ERROR 
------ --------------- ----------

#1 .04 .063 
#2 .038 .063 
#3 .022 .063 
#4 2E-03 .863 
#5 3E-03 .063 
#6 ~:E-03 .063 

------ --------------- ----------
TOTAL HEL I OSTAT RI'lS I'lRAD ERROR: 

E,5"1 

TOF~QUE TUBE 
I:ENDING 

I'lRAD EF::ROR 
-----------

.082 
e'-'''' • 0.:-

.£182 
.082 
.(182 

.• 0:32 
-----------

VECTOR-SUM 
I'lF~AII ERROR 

.131 
.13 
.118 

.102 

.102 

.102 

.114 



GRAVITY LOAD = 0, WIND ANGLE, = 9£1 IIEG, WIND SPEED = 27 MPH 

(1).BEAM BENDING EFFECT (GRA ..... IP,' & '·JIND); 

fol0DULE DEFL IN*1£1t4 DEF2 .. IN*10t4 ~lRAI' ERROR 
------ ------------ ------------ ----------

#1 0 0 1E-03 
#2 0 0 1E-a3 
#3 0 0 1E-03 
#4 0 a 1E-a3 
#5 0 0 1E-03 
#6 0 0 1E-03 

------ ------------ ------------ ----------
HELIOSTAT-AVERAGE NRAD ERROR: 1E-03 

(2). TORQUE TUBE - lHND AND GRAVIT'r' TORSIONAL LOAIIlNG 

TORSION FROM EN I' TORSION MID TORSION EFF ~lRAI' TORS I ON 

'·UND 
GRAVITY 

a 
a 

ARITHMETIC-SUt'l ~lRAI' TORSIONAL ERROR: 

o 
o 

o 
o 

(3). TORQUE TUBE + FLANGE - l.JIt·m At·m GRAVIT'T' LOAI' BEHDING: 

TORQUE TlIE:E 

'·UND 
GRAVITY 

IIEF1 .. IN*1~1t4 

o 
o 

'·lECTOR-SlIM I"'1RAI' BEND I NG ERROR: 

I"'1RAII BENI' 

o o 

o 

(4) • VECTOR-Cot'lB I NED BEAM & TOF.:QlIE TUBE E:Et,m I NG & TORS I ON EFFECTS: 

~lIRROR E:EAM DEFLECTION 
t'10DULE r'lRAII ERROR 
------ ---------------

#1 1E-03 
#2 1E-03 
#3 1E-03 
#4 1E-03 
#s 1E-03 
#6 1E-e3 

------ ---------------
TOTAL HELIOSTAT RMS NRAI' 

TORG!UE TUBE 
TO~~S I ONAL 
~lRAD ERROR 
----------

0 
0 
0 
13 
,13 
0 

----------
ERF.:OR: 

TORQUE TUBE 
BEHDING 

r'lRAD ERROR 
-----------

0 
0 
0 
0 
13 
0 

-----------

VECTOR-SUM 
r'lRAI' ERROR 

o 
o 
o 
o 
o 
o 
o 



TOTAL FIELD STATISTICAL SU~1NARY: 

FIELD RMS r'1RAD ERROR = • 23 



l-J I ND & GRA',,.. I T'r' ~lRAII EF.:ROR ANAL 'T'S I S 

INPUT WIND SPEED AT 30"IMPH = 27 

INPUT ~lIRROR MOIlULE l~EIGHT I EACHI LB = 199.2 

INPUT BEAM INERTIA.. IN1-4 = 249 

INPUT BEAM loJEIGHL LBIFT = 6.65 

INPUT TOF.:QUE TUE:E LENGTHI INCHES = 110.38 

H4PUT TORQUE TUBE o. II. I INCHES = 12. 75 

INPUT TORQUE TUE:E l'JALL. THICI<NESSI INCHES = .25 

TORG!UE TUBE I. II. I INCHES = 12. 25 

TORG111E TUBE BEt-m HW I NEF.:T I A _, INCHES l4 = 191. 82 

TORQUE TUBE + FLANGE EQUI"", BEt-4DING INERTIAl INCHES-t4 = 168.43 

TORQUE TUBE POLAR INEF.:TIAI INCHES-t4 = 383.64 

TORQUE TUBE WEIGHT LBIFT = 33.34 

e-S"\ 



WINr, ANOLE~ = (1 r'EG .. ,~um SPEEr, = 27 MPH 

( 1) • BEAN BEND I NO EFFECT (GF.:AV I PT' & ,.., I ND;' : 

t'10DULE DEF1 ~ IN*1f,.t4 MF.:AD ERROR 

#1 
#2 

#4 
#5 
#6 

43 
29 

8 
8 

29 
43 

HEL I OSTAT -AVERAGE t'lF.:AD ERROR: 

.,-...-, 

.:I.:! 

19 
2 
2 

19 
33 

(2). TOF~QUE TUBE - lUND ANn GRA'·lIT'T' TORSIONAL LOfmING 

TORSION FRON ENr, TORS ION MID TORSION 

.501 .193 

AR I THMET I C-SUM ~lRAD TORS IONAL EF.:F::OR: 

.049 

.046 

.029 

.029 

.046 

.049 

.041 

EFF t'lRAD TORS I ON 

.193 

1'=-'-' • -'.:! 

(3). TOF~'~~UE TUBE + FLANGE - '·Jum At·m GF.:A'·lIT'r' LOAD :BENDING: 

TOF.:QUE TUE:E 

~JINr' 
GRA'·/ITY' 

DEF1 ~ IN*10-t4 

228 
803 

VECTOR-SUt'l MRAD BEND I NG EF.:F.:OR: . 

DEF2~ IN*10-t4 

19 
70 

-----------, 

NRAD BENr, 

• 24E: 
.873 

.248 

(4) • VECTOF.:-CO~lB I NEr, BEAt1 & TORQUE TUBE BEND I NG ~~ TORS I ON EFFECTS: 

MIRROR 
,..10DULE 

#1 
#2 
#3 
#4 
#5 
#6 

BEAt'l DEFLECT I ON 
MRAD 'ERF.:OR 

.049 

.046 

.029 

.029 

.046 

.049 

TORQUE TUBE 
TORSIONAL 
NRAr, ERROR 

.193 

.19:3 

.193 

.193 

.193 
.193 

TOTAL HEL IOSTAT RMS t'lRAD ERROR: 

£- 5S 

TOF.:QUE TUE:E 
BENDING 

"'lF~Ar' ERROR 

.248 

.248 

.248 

.248 

.248 

.248 

VECTOR-SU,..l 
t'lRAD ERR OF.: 

.346 

.344 

.332 

.297 

.288 

.287 

.316 



WIND ANGLE J = 10 I'EG J loJ I ND SPEEI' = 27 NF'H 

(1). E:EAt'l E:EHDING EFFECT (GRAVIT'r' & l.JIHD): 

NOI'ULE DEF 1 J IN*10"t'4 I'EF2J IH*10"t4 NRAI' EF~F~OR 
------ ------------ ------------

#1 73 57 
#.-. 

'- 49 34 
#.-. 
~ 14 4 

#4 12 4 
#5 41 28 
#6 61 47 

------ ------------ ------------
HEL I OSTAT -A'·lERAGE NF~AD EF.:ROF.:: 

(2). TOF.:G!UE TUBE - WINI' ANI' GRA'·.,'ITY TORSIONAL LOAI.ING 

TORSION FRON 

',JIND 
GRAVIT'r' 

ENI' TORS I O~~ 

.062 
.49:3 

ARITH~1ETIC-SUM t'lF~AD TOF~SIONAL EF.:F.:OR: 

MII' TORSION 

.£124 

.19 

.084 

.079 

.048 

.041 

.066 

.071 

.064 

EFF ~1F~AD TORS lOti 

.024 
.19 

.214 

(3), TOF.:G!UE TUE:E + FLANGE - l·JIND ANI' GF.:A'·/ITY LOAD :E:Et·Wnm: 

TORQUE TUE:E 

l·JIND 
GRA'·.·'ITY 

I'EFI J It·H~10-r-4 

~----------
228 
803 

VECTOR-SU~l ~lF.:AD BEND I NG ERROR: 

19 
7£1 

.24:=: 

.873 

.4 

(4). VECTOR-COME:INED BEA,.., & TORG"JUE TUE:E BENDING ~":: TORSIOt·~ EFFECTS: 

t1IRROR 
NODULE 

#1 
#2 
#3 
#4 
#5 
#6 

BEAN DEFLECTION 
r'lRAD EF.:ROR 

.084 

.079 

.048 

.041 

.066 

.071 

TORQUE TUBE 
TORSIONAL 
~lRAD EF~ROR 

.214 

.214 

.214 

.214 

.214 

.214 

TOTAL HEL IOSTAT RMS r'lRAI' ERROR: 

TORQUE TUE:E 
BENDING 

,..,RAD ERROR 

.4 

.4 

.4 

.4 

.4 

.4 

VECTOR-SUt1 
MRAD ERROF~ 

.498 

.495 

.478 

.436 

.426 

.425 

.46 



(1). BEAN E:Et·mnK; EFFECT (GF.:AVIT'r' & '-.lIND): 

I"10r'ULE MRAD ERF.:OR 

#1 
#2 
#3 
#4 
#5 
#6 

102 
68 
19 
16 
55 
82 

HELIOSTAT-A'· ... ERAGE r'1F~AD ERROR: 

79 
47 

6 
5 .-.. -, 

,;10:;' 

63 

(2). TOF::G!UE TUBE - l.JIND At·m GRA'·lIT'r' TOF.:SIONAL LOAr'ING 

TORS I ON FROf'1 END TORSION 

L·JIND .102 
. GRAVIPr' .47 

AR I THNET I C -sur'1 ,..,F.:AD TORS IONAL EF.:ROF.:: 

MID TORSION 

.039 
.181 

.117 

.109 

.0tS7 

.054 

.088 

.094 

.088 

EFF ,..,RAD TORS I ON 

.039 
• 181 

.221 

(3), TORG!UE TUBE + FLANGE - l·JIt·m At·m GRA'·/!T'r' LOAD :E:Et·mING: 

TOF::QUE TUBE 

'·JI~m 
GRA'· ... IT'r' 

DEF1, IN*10·N 

2:30 
803 

VECTOR-SUt'1 r1RAD E:Et·m I NG ERROR: 

19 
70 

MF::Ar, BENrl 

--.1:" . .::. .... 
.873 

.549 

(4). VECTOF.:-CO/"lBINED BEAM ~~ TOF.:QUE TUBE BENDING & TORSION EFFECTS: 

t'lIRROF~ 
NODULE 

#1 
#2 
#.-. 

,;I 

#4 
#5 
#6 

TORG"JUE TUBE 
BEAN rlEFLECTION TORSIONAL 

r1RAD ERROR NRAD ERROR 

.117 .221 

.109 .221 

.067 .221 

.054 .221 

.088 .221 

.094 .221 

TOTAL HEL IOSTAT F.:MS t'lRAD ERROR: 

£- 51 

TORQUE TUBE 
BENDING 

/"tRAD ERF.:OR 

.549 

.549 

.549 

.549 

.549 
.549 

VECTOR-SU,.., 
/"tRAD ERF.:OR 

.644 

.64 

.619 

.574 

.565 

.563 

.601 



W I NIl ANGLE I = 3121 I'EG I JoJ I NIl SPEEII = 27 NPH 

( 1 ) • BEAI"l BENII I NG EFFECT (GRAV I T'T' & ,.., I ND) : 

,..10DULE ~lF.:AII ERROR 

#1 
#2 
#3 
#4 
#5 
#6 

128 
86 
25 
20 
68 

HH 

HELIOSTAT-A'· ... ERAGE MF.:AII ERROR; 

59 
8 
6 

47 
78 

(2). TORQUE TUE:E - '·lIND ANI' GRAVIT'T' TOF~SIONAL LOAI'ING 

TORSION FROM 

GRA'·'" I TY 

ENII TORSION 

1 ~ . .-. . ~.:::. 

4·-.·-· . ~~ 
ARITHI"lETIC-SUN ,..lRAII TOF~SIONAL EF~ROR: 

MIII TORSION 

.051 

.167 

.147 

.137 

.084 

.067 

.11219 

.116 

.11 

EFF MF.:AD TORS I ON 

.051 

.167 

.218 

(3). TOF.:G!UE TlIE:E + FLANGE - '·lIND ANII GF.:A'·lIT'T' LOAII BENIIING: 

TORQUE TUBE 

"lINI' 
GRAVITY 

231 
803 

VECTOR-SUt'l MRAII BENII I NG ERROF:: 

19 
70 

.-.C'--. • .::....J.::. 
.873 

.689 

(4) • VECTOR-CONB I NEIl BEAM .~ TORQUE TUBE E:ENII I NG & TORS I ON EFFECTS: 

TORfJUE TUBE 
MIRROR BEAN IIEFLECTION TORSIONAL 
MOIlULE NRAII ERF~OR NF.:AI' ERF.:OR 

#1 .147 .218 
#2 .137 .218 
#3 .084 .218 
#4 .067 .218 
#5 .109 .218 
#6 .116 .218 

TOTAL HELIOSTAT RMS NRAII ERROR: 

TORGlllE TUBE 
BEt-mING 

MF.:AD ERROR 

.689 

.689 

.689 

.6:::9 

.689 

.689 

'· ... ECTOR-SlIt·l 
,..lRAII ERROR 

.779 

.775 
""C- o

:;' • (..J ... 

.705 

.697 

.696 

.734 



£oJ I ND ANGLE ~ = 40 IIEG ~ l~ I ND SPEED = 27 ~lPH 

( 1) • BEAt1 E:ENII I NG EFFECT ( GRAI,,.. I TITI & L,n ND) : 

fal0DULE DEFlIIN*lO·t4 IIEF2., I N* 10"t4 ~lRAII ERROR 

#1 
#2 
#3 
#4 
#5 
#6 

150 
101 
29 
23 
81 

121 

HEL I OSTAT -AI,lERAGE f'lRAII ERROR: 

116 
69 

9 
8 

55-
93 

(2). TORG/UE TlIE:E - lH NIl AND GRAV I TITI TORS I ONAL LOAI' I NG 

TORS I ON FROf'l 

L,JINII 
GRAVITITI 

ENII TORS ION 

.148 

.383 

AR I THMET I C-SUN MRAD TOF.:S I ONAL ERROF.:: 

MID TORSION 

.057 

.148 

1-,..-, ... ~ 
.161 
.098 
.079 
.129 
.138 

.129 

EFF t'lF~AD TORS I ON 

.0S7 

.148 

.205 

(3) • TOF.:QUE TUI:E + FLANGE - loJ! t·m AND GRAI·lI T'TI LOAD I:Et-W I NG : 

TORG~UE TUI:E DEFIIIN*10"t4 IIEF2IIN*10"t4 f'lRAD I:END 
----------- ----------- ----------- ---------
HIND .-...-,..-, 

.:;.-:;..:;. 20 .254 
GRAI ... IIPrl 8~33 7(1 .87:3 
----------- ----------- ----------- ---------
VECTOR-SUf'l NRAII E:ENDING ERF.:OR: .815 

(4). VECTOR-CONBINED BEAf'l ~:: TOF.:QUE TUBE E:ENDING .~:: TORSION EFFECTS: 

t'lIRROR 
,..,0IIULE 

#1 
#2 
#3 
#4 
#5 
#6 

BEAt'l I'EFLECT I ON 
MRAD EF.:ROR 

1""7'-1 . (.:;. 

.161 

.098 

.079 

.129 

.138 

TORQUE TUBE 
TORSIONAL 
f'lRAD ERROF: 

.205 
.205 
.205 
.205 
.205 
.205 

TOTAL HEL IOSTAT RMS f'lRAD ERROR: 

e:-S"CI 

TORQUE TUBE 
BENDING 

NRAD EF.:ROF.: 

.815 

.815 

.815 

.815 

.815 

.815 

VECTOR-SLlt'l 
MRAIJ ERF.:OR 

.897 

.893 

.869 

.824 

.818 

.817 

.853 



W I NIl ANGLE.. = 513 IIEG} W I t~II SPEEn = 27 t'lPH 

( 1 ) • BEAM BENI' I NG EFFECT (GRA'· ... I I'T' & l·J I Nn) : 

t'1OIJlILE nEF2 .• IN*10t4 MRAI' ERROR 

#1 
#.-. .::. 
# ..... ,:. 

#4 
#5 
#6 

169 
114 

3:3 
26 
91 

135 

HELIOSTAT-AVERAGE MRAIJ ERROR: 

131 
78 
11 

8 
62 

104 

(2). TORG!UE TUBE - ,.J I NIl At·m GRAV I T'T' TORS I ONAL LOAn I NG 

TORS I ON FRO~l 

l·JI~m 
GRAVI T'r' 

END TORSION 

.169 

.322 

ARITHr'lETIC-SU~l M~~AD TORSIONAL ERF.:OR: 

MIn TORSION 

.065 

.124 

.193 

.181 

.11 
.~r •• :, 

.~O-" 

.144 

.155 

.145 

EFF MRAD TORSION 

.065 

.124 

.189 

(3). TORQUE TUE:E + FLANGE - l·JHm At·m GRA'·/II'T' LOAD E:Et~IJING: 

TORQUE TUBE 

,.J I NIJ 
GRAVIT'T' 

,-,.-. .-. 
.::.~.~ 

803 

VECTOR-SUt1 ~lRAII BENDING ERROR: 

I'EF2} IN*10t4 

19 
70 

~lRAI' BENI' 

.253 

.873 

(4) ...... ECTOR-COMB I NEIl BEAN & TORQUE TUBE E:ENIIING~, TORSIOt·~ EFFECTS: 

TORQUE TUBE 
MIRROR BEAr'l DEFLECTION TORSIONAL 
MonULE NRAI' ERROR MRAD ERROR 

#1 
#2 
#3 
#4 
#5 
#6 

.193 

.181 

.11 

.089 

.144 

.155 

.189 

.189 
.189 

.189 

.189 

.189 

TOTAL HEL I OSTAT R~lS MRAD ERF.:OF.:: 

TORG/UE TUBE 
BENDING 

I"1RAI' ERROR 

.922 

.922 
.922 

.922 

.922 

.922 

VECTOR-SU~l 
MRAI' ERROR 

.998 

.993 
.969 

.927 

.923 

.922 

.955 



W I NIl ANGLE J = 60 DEG ~ loJ I ND SPEED = 27 NPH 

(1 ) • BEAt1 BEND I NG EFFECT (GRA'· ... I T'i ~~ l.JI ND) : 

,..,0IJlILE DEFI ~ IWt.l£1't4 ~1RAIJ ERROR 

#1 
#2 
#3 
#4 
#5 
#6 

183 
123 
35 
28 
96 

143 

HEL I OSTAT -AVERAGE NF.:AD ERROR: 

141 
84 
11 

9 
66 

110 

(2). TORI]lIE TlIE:E - HIND AND GRAVIT'T' TORSIONAL LOADING 

TORSION FRON END TOF.:S I ON 

L·J I NIl .198 
GRA'·.·' I T'T' . .-.e' .r:::..J 

ARITHMETIC-SUN ~tF.:AD TORSIONAL ERROF.:: 

MID TORSION 

.076 
.096 

.209 

.196 

.119 

.094 

.152 

.164 

.155 

EFF MRAD TOF.:S I ON 

.076 
.096 

1...,.-, . (~ 
(3). TOROllE TUBE + FLANGE - l.JIND ANIJ GRA'·/IT'T' LOAD E:ENDING: 

TORQUE TUBE IJEFL IN*10't4 DEF2J IN*10't4 NRAD BEND 
----------- ----------- ----------- ---------
''''INII 218 18 .237 
GRAVIT'r' 803 70 8""'-' • I":' 

----------- ----------- ----------- ---------
'",'ECTOR-SUt" MRAD BENDING ERROR: .993 

(4). VECTOR-CONFINEII BEAt1 ~, TORQUE TUBE BE~,mIt~G & TORSION EFFECTS: 

TORQUE TUE:E 
r'1IRROR BEAM IIEFLECTION TORSIONAL 
"10DULE MRAD ERROR MRAD ERROR 
------ --------------- ----------

#1 .209 .173 
#2 .196 .173 
#'''' ~ .119 .173 
#4 .094 .173 
#5 .152 .173 
#6 .164 • 173 

------ --------------- ----------
TOTAL HELIOSTAT RMS NRAD ERROR: 

TORQUE TUBE 
BENDING 

,..tRAII ERROR 

.99:3 

.993 

.993 

.993 

.993 

.993 . 

VECTOR-SU~1 
NRAII ERROR 

1.063 
1.059 
1.035 
.996 
.993 
.993 

1.023 



WINII ANGlE~ = 7£F:rrEG~ '.JINII SPEED = 27 NPH 

(1). BEAN E:ENDING EFFECT (GRAI,lIT'T' & '·JIND): 

f'10r'UlE f'lRAD E~:RO~: 

#1 
#2 
#3 
#4 
#5 
#6 

193 
130 
37 
28 
97 

144 

HEl I OSTAT -AVERAGE MRAD E~:ROR: 

149 
88 
12 

9 
66 

111 

(2). TORQUE TUBE - ,.., I Nrl ANI' GRA ..... I TY TOF.:S I ONAl LOAD I NG 

TORSION FRON 

l.J I Nrl 
GRAVIT'T' 

END TORSION 

.245 

.171 

ARITHNETIC-SUN NRAII TORSIONAL ERROR: 

MID TORSION 

.094 

.066 

.221 

.207 

.125 

.094 

.154 

.166 

.161 

EFF ~lF~AII TO~:SION 

• (194 
.066 

.16 

(3). TORQUE TUE:E + FLANGE - 1.JIND At·m GRA"lIT'r' lOAII BENDING: 

TORQUE TUE:E 

l.JINr, 
GRAVITY 

172 
803 

VECTOR-SU~l MRAD BEND I NG ERROR: 

14 
70 

t'lRAD BEND 

.187 

.873 

1.008 

(4). VECTOR-COMBINED BEAM & TORQUE TUBE BENrlING & TORSION EFFECTS: 

MIRROR 
,..10DUlE 

#1 
#2 
#3 
#4 
#5 
#6 

BEAt1 DEFLECT I ON 
MRAD ERROR 

.221 

.207 

.125 

.094 

.154 

.166 

TORQUE TUBE 
TORSIONAL 
MRAD ERROR 

.16 

.16 

.16 

.16 

.16 

.16 

TOTAL HEl I OSTAT RMS MRAD ERF.:OR: 

TORQUE TUBE 
BENDING 

f'lRAD ERROR 

1.008 
1.008 
1.008 
1.008 
1.008 
1.008 

VECTOR-SlI~l 
MRAD EF.:ROR 

1.077 
1.072 
1.047 
1'.01 
1.00S 
1.008 

1. (137 



l~ I NIl ANGLE.. = 80 DEG J l~ I ND SPEED = 27 NPH 

(1). BEAM BEt·mH~G EFFECT (GRA'·lIT'T' & LHHD): 

t'10DULE DEF2 .• IH*10-t4 MRAII ERROR 

#1 
#2 
#3 
#4 
#5 
#6 

174 
117 
33 
27 
95 

142 

HEL I OSTAT -A'· ... ERAGE MRAD ERROR: 

134 
80 
11 

9 
65 

109 

(2). TORG!UE TUBE - l.JINn At·m GRAVIT'T' TORSIONAL LORDIHG 

TORS I ON FROf'l 

L·JIND 
GRA'·.·' I T'T' 

E~m TORSION 

.163 

.087 

ARI THf'1ET I C-SUf1 NRAD TORS I ONRL EF~F.:OR: 

f'lID TORSION 

.063 

.033 

.~ ... 
.187 
.113 
.093 
.152 
.163 

.151 

EFF f'lF.:AII TORS I ON 

.063 

.033 

.096 

(3). TORG!UE TUBE + FLANGE - l.JIND ANII GRA'·lIT'T' LORn BEHDING: 

TOF~QUE TUBE 

L·UND 
GRA'· ... I T'T' 

DEF1 .. IN*lf1t4 

"':'c;
( ... ' 
803 

VECTOR-SUM NRAII BENn I HG ERROR: 

DEF2 .. IN*10t4 

6 
70 

MRAD BENn 

.082 
.873 

.943 

(4) • VECTOR-COME: I NED BEA,..l .~ TOF.:QUE TUBE BEND I NG ~( TORS I ON EFFECTS: 

TORQUE TUBE 
t'lIRROR BEAM IIEFLECTION TOF.:SIONAL 
t'10DULE MRAD EF.:F~OR MRAD ERF~OR 

#1 .2 • £196 
#2 .187 .096 
#3 .113 .096 
~ .~3 .~6 
#5 .152 .096 
#6 .163 .096 

TOTAL HELIOSTAT RMS NRAD ERROR: 

1£-(..3 

TORQUE TUBE 
BENIIING 

f'1RAD EF~ROR 

.943 
.943 
.943 
.94~: 
.943 
.943 

VECTOR-SU,.., 
,..,RAD ERROR 

.988 
.984 
.965 
.943 
.944 
.945 

.961 



WIND ANGLE ~ = 9£1 I'EG ~ ,.J I ND SPEEI' = 27 MPH 

( 1 ) • BEAM :E:END I NG EFFECT (GRA'·.·' I T'T' & ,.J I ND) : 

,..1ODlILE MRAD ERROR 

#1 
#2 
#3 
#4 
#5 
#6 

142 
95 
27 
27 
95 

142 

HEL I OSTAT -AVERAGE f'lRAI' EF~ROR: 

11£1 
65 

Q ... 
9 

65 
110 

(2). TORQUE TUBE - l.JIND ANI' GF.:AVIT'T' TORSIOt~AL LOAI'ING 

TORS I ON FRO,..1 

l·lIND 
GRA'·,.. I T'y' 

END TORSION 

o 
-1E-tt~: 

ARITHf'lETIC-SUt1 "'1F~AD TORSIONAL ERROR: 

f'lID TORSION 
----------~ 

o 
-1E-03 

.162 

.152 

.093 

.093 

.152 

.162 

.135 

EFF f'1RAII TORS I ON 

o 
-1E-03 

-1E-0:3 

(3), TOF.:QUE TUBE + FLANGE - 1.JI ND At·m GRA'·n T'T' LOAD BEND I HG : 

TORQUE TUBE 

1-.1 I NI' 
GRAVIT'y' 

(3 

803 

VECTOR-SUM f'lF~AD BEt-m I NG ERROR: 

70 

,..lRAD BEND 

o 
.873 

.873 

(4) • VECTOF.:-COMB I NED BEAN & TORQUE TUBE BEND I NG & TORS I ON EFFECTS: 

t'lIRROF~ 
NOI'lILE 

#1 
#2 
#3 
#4 
#5 
#6 

BEAt'1 I'EFLECT I ON 
MRAD ERROR 

.162 

.152 

.093 

.093 

.152 

.162 

TORG,UE TUE:E 
TORSIONAL 
MRAD ERROR 

-1E-a3 
-1E-03 
-1E-0:3 
-1E-t13 
-1E-03 
-1E-03 

TOTAL HEL I OSTAT RMS f'lRAD EF~ROR: 

E - fD'i 

TORQUE TUBE 
BENDING 

NRAD EF~ROR 

.873 

.873 

.873 

.873 

.873 

.873 

VECTOR-SUf'l 
f'1RAII ERF~OR 

.887 

.885 

.877 

.877 

.886 

.887 

.-.. -."'\ 
• 00':> 



TOTAL F I ELII STAT 1 ST I CAL SU~1NAR'r': 

F 1 ELII R~1S MRAD ERROR = • 817 



9.5.2.3 Drive Unit Deflections 

The attached analysis provides the drive unit deflections 

for the gravity-only case, the 27 mph wind-only case, and the combined 

gravity plus 27 mph wind case. A large portion of this analysis 

deals with the deflection of the ball bearings because it is believed 

that the bearings are the key to a stiff drive unit. The table on 

the following page summarizes the worst-case bearing deflections 

for both the azimuth and elevation axes. It should be noted that 

the design philosophy on treating gravity deflections such as the 

bearing deflections is to utilize the software and the mirror module 

canting/alignment fixture to remove these predictable deflections 

from the error category. The only error that would result is the 

error associated with the prediction, and with the correction 

technique. ' 
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9.5.3 THERMAL CURVATURE AND STRESS 

The subsection presents the derivation_oLmirror:c.urvature 

effects. The first topic deals with the fringe angle effects for 

spherically curved convex and concave mirrors. The second topic is 

the thermal curvature and stress of a mirror module or mirror module 

substrate which is composed of three, layered materials; i.e., a ~ 

tri-composite. 

9.5.3.1 Beam Quality, Convex and Concave Mirrors 

The following subsection presents the derivation of 

the appropriate equations for determining the fringe angle resulting 

from a mirror shape which is spherically c'JOvex or concave. The 

equations derived relate the fringe angle to the radius of curvature, 

slant range, and mirror size. The analysis method is based on the 

p~ral~el-ray technique, and does not include the divergent real-sun 

effects, nor does it include any non-uniform or non-linear energy 

distributions within the reflected image. 
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9.5.3.2 Thermal Curvature for Tri-Composit'es 

In this subsection the thermally-induced curvature and 

stress analyses are presented for a mirror module or mirror module 

substrate which is composed of three, layered materials; i.e., a 

tri-composite. The equations derived herein have been incorporated 

into a Northrup computer code known as I'MMOD". A thermal analyzer 

routine is also included in this program, so a complete temperature, 

curvature, and stress analysis can be performed for essentially any 

mirror module design, and any combination of ambient temperature, 

convective wind, solar heat flux, and mirror absorptance conditions. 
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9.5.4 STRESS ANALYSIS - 90 MPH WIND 

This subsection presents the stress analysis for the 

90 mph wind condition. The Northrup philosophy is to stow in the 

vertical position normally, and to stow horizontally if high winds are 

forecast. However, from a stress standpoint, the goal is to show 

that the design is adequate for a 90 mph wind with the heliostat 

stowed either horizontally or vertically. Included in this section 

are stress analyses for the mirror modules, rack structure, and 

drive unit. 

9.5.4.1 Mirror Module Stress Analysis 

The following analysis presents the equations, assumptions, 

and calculations for the mirror module stress analysis. The aspects 

analyzed include stringer bending stress, stringer-flange buckling, 

stringer web shear stress, cross-member bending, local adhesive 

bond strength, local clip bending, local attachment effects, and 

glass bending stress. 
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9.5.4.2 Rack Structure Stress Analysis 

The following analysis presents the equations, assumptions, 

and calculations for the rack structure stress analysis. Included 

are calculations for the torque tube and flange bending stress, the 

torque tube bolt limit loads, the truss chord flexure stresses, ~he 

truss web critical buckling loads, and the truss-to-torque tube 

plate stresses (in plane, out-of-plane, weld shear, buckling, and 

lateral load cases). 
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9.5.4.3 Drive Unit Stress Analysis 

The primary concerns in the drive unit for the 90 mph 

wind case are the worm thread bending stress, the gear tooth shear 

stress, the gear tooth bending stress, and the main bearing loads 

(radial, thrust, and moment) versus the bearing ratings. 

The analysis method for the main bearings is to de~ermine 

the radial loads, thrust loads, and moments, and to compare these 

to the manufacturer ,·s catalog rating. It will be noted that the 

catalog rating capacity is exceeded for the expected wind moments 

accompanying either the horizontal or vertical stow position with a 

90 mph wind. However, the ratings contain a margin of safety, and 

the 90 mph wind is not a normal, every-day load condition. Hence, 

the bearing selected is currently considered acceptable, and a 

substantiating analysis is being performed by. the bearing manufacturer. 

Because of the variable conditions existing at the mesh 

of worm and worm gear, the analysis method is to use a unit value of 

the load; i.e., the load per inch of face. With the average unit 

load across the face the maximum intensity of this unit load will 

then be computed. This maximum-intensity load will then be used 

to compute the strength of the worm threads and the worm-gear 

teeth. 
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These equations and tables have been incorporated into a computer 

code known as "TOOTH". For the Winsmith worm. gear design used on the 

Northrup drive unit, an analysis was performed to determine the worm 

thread bending stress and the gear tooth shear stress. The following 

page presents the results for both a 90 mph and 50 mph wind speed for 

a vertical stow orientation. 

The allowable worm thread bending stress (yield) is 190,000 p~i, 

and the tooth shear stress allowable (yield) is 80,000 psi so the values 

shown on the computer tab have ample margin. 

An additional area of concern on the gear tooth is the bending 

stress. The analysis of this stress for the vertical stow, 90 mph 

case was analyzed by Winsmith. The results of their analysis are 

provided on pages E-146 through E-149. 
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BEARING STATIC LOADS (90 MPH WIND) 

ELEVATION BEARING RADIAL THRUST MOMENT 

HORIZONTAL HELIOSTAT FRONT WIND 36,980 LBS o LBS 70,140 IN/LBS 

SIDE WIND 7,075 0 267,645 

VERTICAL HELIOSTAT 700 AZIM WIND 15,920 0 414,000 

FRONT WIND 30,890 0 95,750 

"" 
AZIMUTH BEARING 

I 
HORIZONTAL HELIOSTAT FRONT OR SIDE WIND 

6' 
0 7075 245,710 

-
VERTICAL HELIOSTAT BACK WIND 10,610 3550 359,040 

700 AZIM WIND (900 worm)49,755 3550 375,885 

0 (180 worm)53,970 3550 332,570 
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The following computer print-outs are based on the theoretical 

planetary stage efficiency of 54.87%. The motor torque characteristic 

is for the M112-FJ327 motor and TBM 105-1218 translator combination which 

are installed on the he1iostats delivered to the Sandia-Albuquerque Solar 

Thermal Test Facility. It should be noted that the drive efficiency goals 

based on this theoretical planetary efficiency were not attained during 

actual testing (see Appendix para. 9.7.2.5). A second set of computer 

print-outs is provided on pgs. E-171 through E-176 which are based on 

a planetary stage efficiency which closely matches the test data. 

E-164 



THEOr:~ET I CAL IrR I '·.·'E PEF.:FOF.:NANCE 

NORTHRUP-L·J I Nsr'l I TH PLANETAR'r'-~JOF.:r·l IrR I VE UN I T 

INPUT PLANETAF.:'r' STAGE F.: AT 10 AT NOTOR 46(1 

THEOF.:ETICAL PLANETAR'T' STAGE EFFICIENC'r'J% 54.87 

INPUT STEPPING RATE) STEPSISEC 25~1 

INPUT l·JORN.··JGEAR F.:EIrUCTION F.:ATIO 40 

INPUT WORN P.D. 3.121 

INPUT l~OF.:t·l LEAD ANGLE 7. (' 

INPUT STAGE 

~10TOR STEP r:~ATE.. STEPSISEC = 25~~1 
~10TOF.: RP~1 = 75 
MOTOF.: TORr';-JUE J 02-I N= 85~f 
MOTOR OUTPUT HP = .06321875 
PLANETAR'r' OUTPUT TORG!UE) I N-LB= 13408.8 
PLANETAR'r' EFF I C I ENC'r' J ~~= 54. 87 

OUTPUT STAGE 

INPUT TOR'';-JUE J FT -L.B= 1117. 4 
EFFICIENCYJ;';:= 37.07 
OUTPUT TORQUEJFT-LB= 16573.22 
WORN RP~l= .163 

TOTAL DF.:n·'E -UNIT 

INPUT TORG!UE J 02- I N= 850 
EFF I C I ENC'T' J ;.~= 20. 34 
OUTPUT TORQUE .• FT-LB= 16573.22 
DRI' ... 'E OUTPUT HP = .013 
CO~lB I NED F.:AT 10= 1840(1 
SLEloJ RATE) DEG/,..l I N = 1. 467 

E -I/of:" 



THEORET I CAL DR I '·/E PERFORf'lANCE 

NORTHRUP-L.JI NSM I TH PLANETAR'T'-/.oJOR~1 IIR I VE UN IT 

INPUT PLANETAR'T' STAGE RAT 10 AT NOTOR 460 

THEORETICAL PLANETARY STAGE EFFICIENCY J}! 54.87 

INPUT STEPPING RATEJSTEPS ..... SEC 500 

INPUT HORM .... ·GEAR REDUCT I ON RAT I 0 40 

INPUT HORN P.D. 3.121 

INPUT HORM LEAD ANGLE 7.7 

INPUT STAGE 

MOTOR STEP RATE~ STEPS/SEC = 500 
~10TOR RPf'1 = 150 
MOTOR TOf;;:G!UEJ OZ-IN= 86(1.297872 
MOTOR OUTPUT HP = .127969309 
PLANETAR'r' OUTPUT TORQUE J I N-LB= 13571.:3 
PLANETAR'T' EFF I C I ENC'T' J }!= 54. 87 

OUTPUT STAGE 

INPUT TORQUEJFT-LB= 1130.94 
EFFICIENC'T'J ;~= 37.2 
OUTPUT TORQUE J FT -LE:= 16830. 62 
l~ORN RPN= • 326 

TOTAL IIFHVE UNIT 

I NPUT TOF~QUE J 02- I N= 860. 29 
EFFICIENCYJ~= 20.41 
OUTPUT TORQUEJFT-LB= 16830.62 
DRIVE OUTPUT HP = .026 
COMBINED RATIO= 18400 
SLE/.oJ RATE J IIEG/~lI N = 2. 934 

E-/~ro 



THEORET I CAL I'R I VE PERFORI"1f1NCE 

NORTHRUP-tHNSNITH PLANETAR'r'-t·JORt1 DRI '· ... E UNIT 

INPUT PLANETAF.:'T' STAGE RATIO AT 1"10TOR 460 

THEORETICAL PLANETAR'r' STAGE EFFICIENC'r')}: 54.87 

I NPUT STEPP I NG RATE .• STEPS.· ... SEC 75~:1 

INPUT t·JORM.~··GEAR REI'UCTION RATIO 40 

INPUT l~OF.:N P. D. 3.121 

INPUT t~ORN LEAD ANGLE 

INPUT STAGE 

-:t .., , .. ( 

MOTOR STEP RATE .• STEPS/SEC = 750 
MOTOR RPt'1 = 225 
MOTOR TORQUE .• OZ-I N= 700 
~10TOR OUTPUT HP = • 1561875 
PLANETAR'T' OUTPUT TORQUE., I N-LB= 11042. 5 
PLANETAR'r' EFF I C I ENC'T' )}!= 54. 87 

OUTPUT STAGE 

INPUT TOF.:';!UE., FT-LB= 920.21 
EFFICIENCY I ;.~= 37.33 
OUTPUT TORQUE .. FT-LB= 13740.96 
WORN RP~1= • 489 

TOTAL DR I 'y'E UN IT 

INPUT TORQUE/OZ-IN= 700 
EFF I C I ENC'T' I ;.:= 20. 48 
OUTPUT TORQUE .• FT-LB= 13740.96 
DRIVE OUTPUT HP = .032 
CONE I NEI' RAT I 0= . 184~:10 
SLEW RATE .. !lEG/MIN = 4.402 

£- J ~7 



THEORET I CAL IIR I VE PERFOR/"1ANCE 

NORTHF.:UP-l·J I NSM I TH PLAN~TAR'T'-WORt'1 DR I '· ... E UN IT 

INPUT PLFlNETAR'T' STAGE RATIO AT /"10TOR 460 

THEORETICAL PLANETAR'T' STAGE EFFICIENC'T'li! 54.87 

I NPUT STEPP I NG RATE 1 STEP::VSEC 100£1 

INPUT WOR/"1.· ... GEAR REIIUCTION RATIO 40 

INPUT WORM P.D. 3.121 

INPUT WORM LEAD ANGLE 7.7 

INPUT STAGE 

MOTOR STEP ~:FlTE 1 STEPS/SEC = 100£1 
/"10TOR RPM = 30£1 
MOTOR TORQUEI0Z-IN= 525 
MOTOR OUTPUT HP = • 1561875 , 
PLANETAR'y' OUTPUT TORQUE., I N-LB= 8281. 9 
PLFlt~ETAF.:'T' EFF I C I ENC'T' J ;.~= 54. 87 

OUTPUT STAGE 

INPUT TORQUEJFT-LB= 69£1.16 
EFFICIENCYJ~= 37.45 
OUTPUT TORI:;lUE, FT-LB= 1034£1.74 
'·IOR/,,1 RP/"1= • 652 

TOTAL I'RIVE UNIT 

INPUT TORQUE/OZ-IN= 525 
EFF I C I ENC'T' I ;.!= 20. 55 
OUTPUT TORQUE 1 FT -LB= 1£1:340. 74 
DR I VE OUTPUT HP = .• 032 
COMBINED RATIO= 1840£1 
SLEW RATE 1 DEG//"lIN = 5.869 

£. - I ~9 



THEOR'ET I CAL !'R I VE PEF.:FORr'1ANCE 

NORTHF.:UP-H I NSt1 I TH PLANETAR'r'-l,JORt'1 !IR I ","E UN IT 

INPUT PLANETAR'r' STAGE RAT I (I AT f'10TOR 460 

THEOF.:ET I CAL PLANETAF.:'r' STAGE EFF I C I ENC'r' ~~! 54.-87 

INPUT STEPPING RATEISTEPS/SEC 1250 

INPUT lrJORM."IGEAF.: REIIUCT I Ot,~ RAT I 0 40 

I NPUT l·JOF.:~1 P. D. 3. 121 

I NPUT lrJOF.:~1 LEAII ANGLE 7. 7 

INPUT STAGE 

~10TOF.: STEP RATE~ STEPS/SEC = 1250 
~10TOR RP~1 = 375 
MOTOR TOF.:QUE I 02-I N= 425 
MOTOF.: OUTPUT HP = • 158046875 
PLANETARY OUTPUT TORQUEJIN-LB= 6704.4 
PLANETAR'r' EFF ICIENC'r'1 ~:= 54.87 

OUTPUT STAGE 

INPUT TORG!UE I FT -LB= 558. 7 
EFF I C I ENC'r' I ~:= 37. 58 
OUTPUT TORQUEIFT-LB= 8399.61 
l,JORN RPN= • 815 

TOTAL !'RIVE UNIT 

INPUT TOR'~UEI OZ-IN= 425 
EFFICIENC'r'~ ~:= 2£1.62 . 
OUTPUT TORG!UE I FT -LE:= 8399. 61 
DRIVE OUTPUT HP = .033 
COMBINED RATIO= 18400 
SLElrJ RATE) IIEG/N I N = 7. 336 



THEOF.:ET I CAL DR I VE PEF.:FORI"lANCE 

NORTHRUP-l·J I NSt'l I TH PLANETAR'r'-t·JOF.:t·l IIF.: I '·lE UN IT 

INPUT PLANETAR'r' STAGE RATIO AT ,..10TOR 460 

THEORETICAL PLANETAR'r' STAGE EFFICIENC'r'J;';: 54.:::7 

INPUT STEPPING RATEJSTEPS ..... SEC 1500 

INPUT WOR,..l/GEAR REI'LICT I ON RAT I 0 40 

INPUT WORM P.D. 3.121 

I NPUT l~OR"'l LEAD ANGLE 7. 7 

INPUT STAGE 

,..10TOR STEP F.:ATE J STEPS/SEC = 1500 
MOTOR RPI"l = 450 
,..10TOR TORG!UEJ OZ-IN= 370 
,..10TOF.: OUTPUT HP = • 1651125 
PLANETAR'r' OUTPUT TOF.:G!UEJ IH-LE:= 58:36.7 
PLAt·~ETAF.:'r' EFF I C I ENC'T' J ;.:= 54. 87 

OUTPUT STAGE 

INPUT TORQUEJFT-LB= 486.39 
EFF I C I ENC'r' J ;.:= 37. 71 
OUTPUT TORQUE., FT -LB= 73:37. 61 
l·JOF.:I"l RPI"l= • 978 

oTOTAL DRIVE UNIT 

INPUT TORQUEJOZ-IN= 370 
EFF I C I ENC'T' J ;.~= 20. 69 
OUTPUT TOF.:G!UE J FT -LB= 73:37. 61 
DR I ',.,'E OUTPUT HP = • 034 
COMBINED RATIO= 18400 
SLEl·J RATE J DEG/M I N = 8. 804 

E -/70 



TEST DATA MATCHEIr IIR I VE PEF.:FORNANCE 

NORTHF.:UP-l·J I NSM I TH PLANETAF.:'T'-l·JORN IIF.: I '·lE LIN IT 

INPUT PLANETAR'y' STAGE F.:AT 10 AT r'10TOR 460 

PRO:E:AE:LE ACTUAL PLANETAF~'T' STAGE EFF I C I ENC'y' ~~! 39 

I NPUT STEPP I NG RATE .. STEPS/SEC 250 

I NPUT 1·JOR~1.··)GEAR REIIUCT I OH RAT I 0 40 

I NPUT '~OF.:M P. II. 3. 121 

I NPUT '·JOR~1 LEAIr ANGLE 7. 7 

INPUT STAGE 

~10TOR STEP F~ATE., STEPS/SEC = 250 
~10TOR RP~1 = 75 
~10TOR TORIXIE .. (lZ-IN= 850 
MOTOR OUTPUT HP = .£16321875 
PLANETAR'y' OUTPUT TORQUE) IN-LE:= 9530.6 
PLANETAR'T' EFFICIENC'T'~ ~!= 39 

OUTPUT STAGE 

INPUT TORG!UE .• FT -LB= 794. 21 
EFF I C I ENC'T' ~ ~.!= 37. £17 
OUTPUT TORQUEJFT-LB= 11779.76 
l·JORN F.:P~f= • 163 

TOTAL IIR I '·/E UN IT 

INPUT TORQUEJOZ-IN= 85£1 
EFFICIENCY)~= 14.46 
OUTPUT TORQUE)FT-LB= 11779.76 
DRIVE OllTPUT HP = 9E-£13 
CO~1B I NEIr RAT I 0= 184£1£1 
SLE~J RATE .. IIEG/MIN = 1.467 

£ -/7/ 



TEST DATA t'1ATCHED DR I 'v'E PEF.:FOF.:t'1ANCE 

NORTHRUP-l.JI NSt'lI TH PLANETAR'T'-1'JOF.:~1 I1R I ',lE UN IT 

INPUT PLANETAR'T' STAGE RATIO AT t'tOTOR 460 

F'F.:OBABLE ACTUAL F'LANETAR'T' STAGE EFFICIENC',.'., ~.~ 39 

INPUT STEPPING RATE~ STEPS ... ·'SEC 500 

INPUT HOF.:M/GEAR REDUCT I ON RAT I 0 40 

INPUT HORM P.D. 3.121 

INPUT l,JORN LEAD ANGLE 

INPUT STAGE 

.., -, ,. . ,. 

~10TOF~ STEP RATE~ STEPS/SEC = 5130 
MOTOR RPt'1 = 150 
~10TOR TOF.:G!UE~ OZ-IN= 86£1.297872 
~10TOR OUTPUT HP = • 127969:3£19 
PLANETAF.:'T' OUTPUT TORQUE., I N-LB= 9646 
PLAt·~ETAR'T' EFFICIENC'T') ;.~= 39 

OUTPUT STAGE 

I NPUT TORQUE J FT -LB= 8~33. 84 
EFFICIENC'T', ;:= 37.2 
OUTPUT TORQUE., FT -LB= 11962. 71 
HORN F.:P~l= • 326 

TOTAL DF.:IVE UNIT 

INPUT TORQUE/OZ-IN= 860.29 
EFFICIENC'r'~ ;.:= 14.5 
OUTPUT TORGJUE J FT -LB= 11962. 71 
DRIVE OUTPUT HP = ".019 
COMBINED RATIO= 18400 
SLEl,J RATE) !'EGll'lIN = 2.934 

£-/72. 



TEST DATA ,..,ATCHEII DR I '.,IE PE~:FOR""ANCE 

NORTHRUP-l~ I NS/,,1 I TH PLANETAR'T'-l·JOR,..1 rlR I '· ... E UN IT 

INPUT PLANETAR'r' STAGE RATIO AT MOTO~: 460 

PROE:ABLE ACTUAL PLANETAR'T' STAGE EFF I C I ENC'r' .' ~~ 39 

INPUT STEPPING RATEI STEPS/SEC 75(:1 

INPUT l·JOR,.., ..... GEAR REDUCT I ON RAT I 0 40 

INPUT WORM P.D. 3.121 

INPUT l~OR"'1 LEAD ANGLE 7. 7 

INPUT STAGE 

,..10TOR STEP RATE J STEPS/SEC = 750 
MOTOR RPM = 225 
,..,0TOR TO~:QUE 102- I N= 700 
,..10TOR OUTPUT HP = • 1561875 
PLAHETAR'r' OUTPUT TORGJUE J I N-LB= 7848. 7 
PLANETAR'r' EFF I C I ENe'T' I ~.:= 39 

OUTPUT STAGE 

INPUT TORG.!UE I FT -LB= 654. 06 
EFF I C I ENC'T' I %= 37. 33 
OUTPUT TORQUE/FT-LB= 9766.68 
WOR,..1 RPM= • 489 

TOTAL DRIVE UNIT 

INPUT TORQUE .. OZ-IN= 700 
EFFICIENC'r' .. ;~= 14.55 
OUTPUT TORQUE .. FT-LB= 9766.68 
DR I VE OUTPUT HP = ". 023 
COt'lBINED RATIO= 18400 
SLEl·J RATE.. DEG/,..1 IN = 4. 402 

£-/73 



TEST IIATA MATCHED DR I VE PERFORr'1F1NCE 

NORTHF.:UP-t·J I NSM I TH PLANETAR'r'-l·JORM DR I '·.·'E Ut·~ I T 

INPUT PLANETAR'r' STAGE RATIO AT MOTOR 460 

PROBABLE ACTUAL PLFlNETAR'T' STAGE EFF I C I Et"C'T' 1;'~ 39 

INPUT STEPPING RATEISTEPSI"'SEC 1000 

INPUT t·JORM/GEAR REDUCTION RATIO 40 

INPUT t·JOR~1 P. D. 3.121 

INPUT l·JORM LEAD ANGLE 7. 7 

INPur~ STAGE 

MOTOR STEP RATE1 STEPS ..... SEC = 1000 
~10TOR RPM = 300 
MOTOR TORQUE10Z-IN= 525 
MOTOR OUTPUT HP = .1561875 
PLANETAR'T' OUTPUT TORQUE .. I~~-LB= 5886.5 
PLA~4ETARY EFFICIENCY .. ;.~= 39 

OUTPUT STAGE 

INPUT TORQUEIFT-LB= 490.54 
EFF I C I ENC.,.' 1 ;.~= 37. 45 
OUTPUT TORQUE .• FT-LB= 7349.89 
WORM F.:PM= • 652 

TOTAL IIR I VE UN IT 

INPUT TORQUEJ02-IN= 525 
EFF I C I ENC'r' } ;.~= 14. 6 
OUTPUT TORQUE1FT-LB= 7349.89 
DRIVE OUTPUT HP = .023 
COMBINED RATIO= 18400 
SLEW RATE} DEG/NIN = 5.869 

IE. -/7'1 



TEST I'ATA NATCHED DR I '·lE PEF~FORt'lANCE . 

NORTHRUP-l4 I t~SM I TH PLANETAR'T'-l·JOR~l DR I VE UN IT 

INPUT PLANETAR'T' STAGE RAT I 0 AT MOTOR 460 

PROE:ABLE ACTUAL PLANETAR'T' STAGE EFF I C I ENC'r' J ;.~ 39 

I NPUT STEPP I NG RATE .• STEPS ..... SEC 1250 

I NPUT l·JOR~VGEAR REI'UCT ION RAT I 0 40 

INPUT l40RM P. D. 3.121 

INPUT l40F.:M LEAr. ANGLE 7. 7 

INPUT STAGE 

MOT OF.: STEP F~ATE J STEPS ..... SEC = 1250 
MOTOR RP~l = 375 
MOTOR TORQUEIOZ-IN= 425 
MOTOR OUTPUT HP = .158€146875 
PLANETAF.:'r' OUTPUT TOF.:QUEJ IN-LB= 4765.3 
PLANETAF.:'r' EFF I C I ENe'T' J ~= 39 

OUTPUT STAGE 

INPUT TORQUEIFT-LB= 397.1 
EFF I CI ENCY I ;.~= 37. 58 
OUTPUT TORQUEIFT-LB= 5970.2 
l40RM RPM= • 815 

TOTAL DRIVE UNIT 

INPUT TORQUEIOZ-IN= 425 
EFFICIENC'r' J ;.~= 14.65 
OUTPUT TORQUEIFT-LB= 5970.2 
DRIVE OUTPUT HP = .023 
COMBINED RATIO= 18400 
SLEl·J RATE J DEG/N I N = 7. 336 

E-/7~ 



TEST DATA MATCHED IIR I VE PERFORNANCE 

NOF~THRUP-l~ I NS~1 I TH PLANETAR'T'-l,JORt'1 IIR I '",'E UN IT 

INPUT PLANETAF.:'T' STAGE F.:ATIO AT ~10TOR 4613 

PROBHBLE ACTUAL PLANETAR'r' STAGE EFFICIENC'T'I}~ 39 

I NPUT STEPP I NG RATE., STEPS/SEC 15013 

I NPUT WOR~1.""GEAR REDUCT I ON" RAT I 0 413 

INPUT WORM P.D. 3.121 

INPUT l~ORM LEAD ANGLE 7.7 

-1 NPUT STAGE 

MOTOR STEP F.:ATE., STEPS/SEC = 15013 
MOTOR RPM = 45(1 
MOTOR TORQUEIOZ-IN= 37(1 
MOTOR OUTPUT HP = .1651125 
PLANETAR'T' OUTPUT TORQUE., I N-LB= 4148. 6 
PLANETAF.:'T' EFF I C I ENC'T'I }!= 39 

OUTPUT STAGE 

INPUT TORQUEIFT-LB= 345.71 
EFFICIENC'r' 1 ;~= 37.71 
OUTPUT TORQUEIFT-LB= 5215.36 
WORM F.:PM= • 978 

TOTAL DRIVE UNIT 

INPUT TORQUEIOZ-IH= 3713 
EFFICIENCYI~= 14.7 
OUTPUT TORQUEIFT-LB= 5215.36 
DRIVE OUTPUT HP = .024 
COMBINED RATIO= 184130 
SLE~J RATEI DEG/folIN = 8.8134 
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