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ABSTRACT 

As part of the overall evaluation of the four second-generation helio
stats, a finite element analysis was performed to evaluate structure perfor
mance of the mirror modules subjected to gravity, operational wind loads and 
survival wind loads. All designs evaluated were found to be structurally 
adequate • 
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STRUCTURAL ANALYSIS OF SECOND GENERATION HELIOSTATS 

1.0 Summary 

A finite element model of each of the four completed 2nd generation heli
ostats was analyzed using the SAP4 computer code as part of the overall heli
ostat evaluation. The purpose of the anaysis was four fold: 

1) Determine facet deflections due to operational wind velocities for 
the beam quality evaluation. 

2) Determine individual facet deflections caused by gravity sag for the 
field performance evaluation to be done by the HELlOS computer code. 

3) Calculate the natural frequencies and mode shapes to determine sus
ceptibility to vortex shedding excitation. 

4) Calculate stresses in the structural components due to loading by 
survival wind velocities and check for structural failure. 

The analysis was performed with the aid of a Textronix Mesh Generator in cre
ating the models, and the linear elastic SAP4 Finite Element program for the 
analysis. 

The pedestal in each heliostat was modeled as a linear elastic beam fixed 
at ground level. Testing of the heliostats at the Central Receiver Test 
Facil ity (CRTF) verified that foundations did not substantially add to the 
structural deflections. Initially the drive mechanisms for all gravity and 
wind load (static) cases were modeled as rigid beams because the drive 
stiffnesses were not known. Once the drive stiffnesses were measured by 
testing at the CRTF their torsional and bending stiffnesses were incorporated 
into the model and the new frequencies determined. No structural deflections 
or stresses were determined with the measured drive stiffnesses. 

2.0 Conclusions 

The four primary analyses: 

1) Operational Wind Pointing Error 
2) Gravity Deflections of Individual Mirror Facets 
3) Natural Frequencies and Mode Shapes 
4) Stresses due to Survival Wind Velocities 

performed on each heliostat found no inherent structural problem with any of 
the designs. 
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The operational wind pointing errors must be added to the drive 
mechanism errors before a comparison with the specification can be made. 
This information may be found in the Second Generation Heliostats - Evalua
tion Summary Report. The magnitude of the operational wind deflections is 
about the same or slightly less than the operational wind results of the 
10-MWe pilot plant heliostats. The gravity induced mirror module deflec
tions were used as input to the HELlOS optical performance code run at 
Sandia Albuquerque. The results of this analysis are presented in the Beam 
Quality and Tracking Evaluation of 2nd Generation Heliostats Report by 
D. King. These gravity deflections were also within the same order of mag
nitude as the 10-MWe pilot plant heliostat results. All heliostats produce 
RMS slope errors and pointing errors of the same order of magnitude. 

The dynamic analyses found the heliostats' lowest natural frequencies 
to be greater than 1.75 Hz. This is well above the vortex shedding frequen
cies (0.3-0.7 Hz) in a 27 mph wind thus dynamic excitation is not a concern. 

The largest stresses in the support structures were produced by the 90 
mph, survival, wind loading while the heliostats are in stow position. The 
pedestals suffered the largest stresses in the case of a 50 mph wind helio
stats in vertical position. All structural stresses were found to be below 
allowable values. 

3.0 Introduction 

3.1 Second Generation Heliostat Development Program 

The Second Generation Heliostat Development Program is the second major 
heliostat development cycle in the Department of Energy's (DOE) Solar Ther
mal Central Receiver Program. During the first development cycle 222 helio
stats were built for the Central Receiver Test Facility (CRTF); also, a de
sign was developed and is presently being built for the central receiver 
pilot plant near Barstow, California. 

The second heliostat development cycle started in 1978 with the DOE 
Prototype Heliostat Phase 1 contracts. These paper study contracts develop
ed heliostat conceptual designs and mass-production cost estimates. Rather 
than continue these contracts into Phase 2, it was decided to initiate the 
Second Generation Heliostat contracts. Sandia National Laboratories placed 
these contracts in July 1979. 

Technical management and evaluation of the Second Generation Heliostat 
contracts was performed by Sandi a. Hel i ostat testi ng was performed at the 
CRTF in Albuquerque. 

The objectives of the Second Generation Heliostat Program were to sup
port the Solar Central Receiver research, development, and demonstration ef
fort by: 
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• Establishing heliostat designs with associated manufacturing, assem
bly, installation, and maintenance approaches that, in quantity pro
duction, would yield low capital and operating costs ov~r an assumed 
30-year lifetime. 

• Stimulating broader industry participation in the DOE solar energy 
program. 

• Obtaining design data, manufacturing plans, and projected production 
costs for release to the solar community. 

• Performing side-by-side testing and evaluation of prototype helio
stats and evaluating production plans and cost estimates. 

The Second Generation Heliostat development contracts a re summa ri zed below. 

Second Generation Contract Dates Contract 
Heliostat Contractors Start Complete Costs 

ARCO Power Systems 
(Formerly Northrup Inc.) July 79 February 81 $1.0M 

Boeing Engineering and 
Construction July 79 February 81 $1.7M 

Martin Marietta Corp. July 79 April ill $1.4M 

McDonnell Douglas 
Astronautics July 79 February 81 $1.5M 

Westinghouse July 79 September 80 $1.7M 

The program objectives have been met for all of the contractors except 
Westinghouse as they were not able to build prototype heliostats within the 
funding limits. Therefore, only limited information is available for the 
Westinghouse design. 

Photographs of the ARCO, Boeing, Martin Marietta, and McDonnell Douglas 
heliostat designs are shown in Figure 3.1 and 3.2. 

Each contractor except Westinghouse delivered two prototype heliostats 
and four spare mirror modules to Sandia for testing. Detailed design re
ports and final reports containing costs, manufacturing, installation, and 
maintenance data were also delivered. Westinghouse only delivered a detail
ed des i gn report. 

3.2 Second Generation Heliostat Evaluation 

Sandia has evaluated the Second Generation Heliostat designs. The 
evaluation involved testing, design analysis, analysis of contractor produc
tion methods and cost estimates, and cost projections of bus bar energy 
costs for a power plant. Heliostat testing was performed at the CRTF to 
verify the ability to survive environmental requirements. Two prototype 
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Fiqure 3.1. Second Generation Heliostats 
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Figure 3.2. Second Generation Heliostats 

15 



heliostats from each contractor were tested. 
onmental testing of individual mirror modules 

Similar performance and envir
was also performed in the 

laboratory at Sandia Livermore. 

The objectives of the evaluation and test program were to: 

• Compare design features 
• Identify design strengths and weaknesses 
• Estimate reliability and lifetimes of key components 
• Determine performance capabiliti~s 
• Identify user concerns 
• Estimate central receiver energy costs 
• Identify further development requirements 
• Disseminate information 

Sandia was assisted in the evaluation by a Review Committee-advisors 
consisting of representatives from other solar programs and potential users 
as shown below. 

User's Panel 

• Public Service Company of New Mexico 
• Arizona Public Service 
• Southern California Edison 
• Exxon 

U. S. Gypsum 

Review Committee 

• Department of Energy 
• Electric Power Research Institute 
• Solar Energy Research Institute 
• Sandia's Solar Energy Projects Department 
• Sandia's CRTF Division 
• Sandia's Solar Programs Department 
• Jet Propulsion Laboratory Solar Program 

Information from the evaluation program is being disseminated in the 
form of published contractor and Sandia reports and a public seminar. 

4.0 Purpose of Structural Modeling 

The structural modeling of the Second-generation heliostats was done as 
part of the overall evaluation of these heliostats by SNLL at the culmina
tion of the Second-generation heliostat contracts. The structural analysis 
provided information, not accessible by testing, on the structural perfor
mance and survivability of the heliostats, and identified potential problems 
with the structures. The analyses that met this need (shown below) are dis
cussed in the following sections. 
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Requi red Values: 

Gravity deflections of the 
individual mirror facets 

Facet deflections due to 
ope rat i ona 1 wi nd 

Natural frequencies and 
mode shapes 

Stresses in structural components 
due to survival wind velocities 

For Evaluation of: 

Field performance (by HELlOS) 

Compliance with performance 
specification 

Potential excitation by 
vortex shedding 

Survivability 

5.0 Procedure and Tools 

All heliostats were idealized as a mesh of finite element beam and 
plate elements from working drawings supplied by the heliostat contractors. 
The assumptions inherent in the idealization of each structure are described 
in Section 6. 

Model components were created individually on the Textronix 4081 mini
computer using Textronix Finite Element Modeling (FEM) software. 3 The soft
ware allows nodes and elements to be created by copying and moving already 
existing nodes and elements, thus greatly simplifying the creation of sym
metrical and repetative structures such as heliostats. It also allows rota
tion of the model on the viewing screen and displays "slices" through the 
model facilitating visual checking of the completed model or its parts. The 
majority of node and element properties may also be input at this stage. 

The model components were created on separate data files for easier 
manipulation and verification. Once created and verified, the components 
were assembled into the complete models. These were input in a series of 
programs which created input card images for the SAP4 finite element analy
sis code. The card images were then transfered from the Textronix mini
computer to the CDC 6600 mainframe. After a final editing of the data 
files, the models were verified again using two interactive three
dimensional plotting routines (GRAPE 2 and DIS3D). The analyses were per
formed by the SAP4 finite element program on the CRAY computer. SAP4 is a 
finite element code for the static and dynamic analysis of linear elastic 
structures. It is based on the April 1974 version of the SAPIV code devel
oped at U.C. Berkeley by J. Bathe, E. L. Wilson, and F. F. Peterson, but 
contains modifications made by S. Sackett at the Lawrence Livermore National 
Laboratory (May 1979).1 

Each model was analyzed in seven different elevation angle orientations 
(15 0 increments from vertical to horizontal) with only gravity forces ap
plied, three operational wind load conditions where gravity effects were not 
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included. and two load conditions of survival wind in addition to gravity 
forces. The five wind load cases (three operational. two survival) are 
listed in Table 5.1. with Table 5.2 showing the corresponding forces and 
moments. The moments in Cases 1. 2. and 5A were applied about a line paral
lel to the elevation axis and passed through the center of the reflective 
surface. For Cases 3 and 4. they were applied about a line parallel to the 
cross-elevation axis passing through the center of the reflective surface. 
For Case 5B the moment was again applied at the center of the reflective 
surface but about a line that is perpendicular to the elevation axis and is 
in the plane of the reflective area. The wind forces were applied as normal 
pressure on the plate elements representing the mirror module surface. The 
individual mirror module pressures for each case are shown in Appendix A. 

TABLE 5.1 

WINO LOAD CONO IT IONS 

He" ostat Wlnct Orlentatlon 

Wind Velocity o ri entat i on To Heliostat 

Operational: 

Case 1 27 mph Vertical Normal 

Case 2 27 mph 70° from vertical 20 0 Angl e of 
Attack to Eleva-
tion Axi s 

Case 3 27 mph Vertical 200 Angle of 
Attack to Azimuth 
Axis 

Survival: 

Case 4 50 mph Vertical 200 Angle of 
Attack to Azimuth 
Axis 

Case 5A 90 mph Hori zontal 100 Angl e of 
(stow) Attack to Eleva-

tion Axis 

Case 5B 90 mph Horizontal 100 Angle of 
(stow) Attack to Cross 

Elevation Axis 

HI 
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Case 5B was run only on the McDonnell Douglas model because, due to the 
aspect ratio of the heliostat, larger forces are created on the heliostat 
when the wind is parallel to the elevation axis. The reverse is true for 
the other three heliostats. The heliostats were in stow position for Case 5 
(A and B): mirror modules were facing downward for the Martin Marietta heli
ostat, but face-up for the other models~ The choice of stow position was 
made by the contractor weighing the advantage of lessened mirror soiling 
when face-down versus the loss of reflective area, and thus produced energy, 
required for the cut-out to allow the pedestal to pass through the reflec
tive surface. 

TABLE 5.2 

NET WIND LOADS 

ARCO BOEING MARTIN MARIETTA McDONNELL DOUGLAS 

Moment Moment Moment Moment 

CASE Force 
(ft-1bsl 

Force 
(ft-1bsl 

Force 
(ft-1bs) 

Force 
(ft-lbsl 

(1 bs) Az. Elev. (1 bs) Az. Elev. (1 bs) Az. Elev. (1 bs) Az. E1ev. 
- = - = 
Operational: 

1 1044 0 a 767 0 a 1144 0 520 1116 a a 

2 808 a 3108 658 a 2426 849 a 3488 894 0 3095 

3 754 2848 a 658 1983 0 815 3620 0 809 3546 0 

Survival: 

4 2585 9767 0 2160 6800 0 2795 12414 0 2774 12160 0 

SA 4072 0 24346 3476 0 19889 4116 0 26802 4506 0 24197 

5B 4469 30541 0 
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The loads and moments on each heliostat are governed by the reflective 
area. The larger the mirror surface the more wind it catches. The moments 
are also affected by the aspect ratio of the heliostat. The 520 ft-lb 
moment in Case 1 of the Martin Marietta heliostat was created by the load on 
the extra center mirror. 

The postprocessing of the SAP4 output, done on the CDC 6600, included 
ploting of deflected shapes and frequency mode shapes, and the computation 
of the individual, average, and RMS value of facet deflections. 

The mirror module deflections, measured by a normal vector to the de
formed surface, were calculated for each case of gravity loading and opera
tional wind loading. The support points for the mirror modules were used to 
define the facet plane thus local mirror warping is not included. For the 
two heliostats with four point mirror module support, an average was taken 
of the four possible planes that may pass through the permutation of those 
four points, three at a time. 

6.0 Heliostat Models and Assumptions 

The four models differed in problem size and complexity. An indication 
of the difference is given in Table 6.1. 

TABLE 6.1 

SIZE OF MODELS 

MCDONNELL 
ARCO BOEING MARTIN MAR IETTA DOUGLAS 

# of Nodes 1272 789 61? 2154 

# of Plate Elements 1092 576 300 1686 

# of Beam Elements 1617 114 300 513 

# of Degrees of Freedom 7312 4062 3203 10988 

The models are shown in Figures 6.1 through 6.5 

For all heliostats, the pedestals were modeled as beams fully fixed at 
the base. The assumption that the foundation does not significantly add to 
structural deflections, and can therefore be neglected in modeling, was ver
ified by measurements at the Central Receiver Test Facility (CRTF) in Albu
querque, New Mexico. The drive mechanisms were modeled as rigid beams in 
all the static load cases analyzed. The frequency analyses were done twice: 
the first time the drive mechanisms were assumed rigid, as in the static 
cases, and the second time torsional and flexural springs were substituted. 
The spring values were determined by testing at the CRTF on the installed 
drives mechanisms. 
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(Only top half of support structure is shown and mirror modules are omitted) 

Figure 6.5. McDonnell Douglas Model 

6.1 Arco Heliostat 

The front and back facings of the mirror module box were modeled as 
thin plates, as were the webs of the C sections which reinforce the box. 
These components are the maj or .cont ri butors to the 1 a rge number of pl ate 
elements in the model. The connectivity between the mirror module compon
ents is high, consequently so was the number of plate elements that were 
needed. The flanges of the C sections were modeled as beams running at top 
and bottom of the webs, and accounted for a large number of the beam ele
ments. All the other components were also modeled with beam elements, with 
the exception of the gusset plates in the torque tube truss intersection. 

6.2 Boeing Heliostat 

The Z beams in Boeing's heliostat were modeled with plates in the true 
shape of the beam. The beams are connected to the mirror modules with clips 
that are specified by rigid beam elements. The beam element end releases 
allow the appropriate free movement between the mirror module and the clip, 
thus creating only one attachment per mi rror module 1 inked by all six de
grees of freedom. The mirror modules are idealized as plates with stiffnes
ses computed by a sandwich structure theory. 
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Figure 6.3. Martin Marietta Model 

(Mirrors face down) 

Figure 6~4. McDonnell Douglas Model 
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Sandwich Stiffness Formulation -- The bending stiffness for a sandwich 
structure (Figure 6.6) with thin facings and negligible bending 
stiffness of the core is calculated below. 

For equal thickness facings: 

Eth2 
o = 2 

2(1-)1 ) 
Eq. 1.1 

()1 = Poisson's Ratio) 

Shear stiffness of the sandwich structure: 

u ~ hGc Eq. 1.2 

where Gc = Effective core shear modulus 

Ei ti 
Axial stiffness K = I 1 2 

-)1 i 

To find equivalent E and t: 
Et3 

o = ~,-:-_'--_ 
12(1-IlL

ave ) 

Et 
K = -:--..,..--

l-l ave 

Figure 6.6. Sandwich Structure 

Eq. 1.3 

Eq. 1.4 

Eq. 1. 5 
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6.3 

Equivalent Density = y = Eq. 1.6 

Finding the properties of a homogenious plate equivalent to the sand
wich structure requires the computation of the composite bending stif
fness (Eq. 1.1 or 1.2) and axial stiffness (Eq. 1.3). Usin9 these two 
quantities, and solving Eqs. 1.4 and 1.5 simultanously, yields the new 
thickness and modulus of elasticity. The shear stiffness of the new 
plate is taken as the shear stiffness of the core section and Eq. 1.6 
provides the equivalent density. 

Martin Marietta Heliostat 

Martin Marietta's mirror modules were modeled in the same manner as 
Boeing's: plate elements with properties derived by sandwich structure 
theory. Since the 9lass was designed to be "free floatin9" it contributed 
only weight, not stiffness, to the module. The impregnated paper honeycomb 
also did not add to the bending stiffness. The remainder of the structure, 
with the exception of plates at the torque tube/truss connections, was com
prised of beam elements. 

6.4 McDonnell Douglas Heliostat 

The model of the McDonnell Douglas heliostat had the highest degree of 
connectivity as a result of the inherent integration present in the struc
ture. The majority of the structure was modeled with plate elements, inclu
ding the inboard and outboard beams and cross-beams, rather than usin9 equi
valent beam models. All gusset plates, stiffners, and angles supporting the 
mirror modules were also individually modeled. 

7.0 Results 

7.1 Facet Deflections Due to Gravity 

The average of the individual mirror facet pointing errors at each ele
vation angle affects beam pointing, and can be compensated for by the con
trol software if this average error is known and remains constant in time. 
This is the precise case with gravity-induced pointin9 errors. However, 
since the control software orients the entire heliostat as a unit, only the 
average of the pointing errors of all facet can be compensated. The remain
ing error, the scatter of individual facet errors about the average (root
mean-square (RMS) value), affects beam quality and is used by the HELlOS 
computer code for the optical performance evaluation or field performance. 
For this reason, the deflections of each facet due to gravity loading were 
deterined at heliostat elevation angles from 0° to 90° in increments of 
15°. The convention for the elevation angle is shown in Figure 7.1. 
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Figure 7.1. Heliostat Elevation Angle Convention 

The pointing error of each facet was determined by calculating the vec
tor normal to the facet plane. The plane of the facets was defined by the 
attachment points of the mirror module to the structure. The Arco and 
Martin Marietta heliostats have three attachment points per mirror module. 
Since three points define a plane, this computation was straight forward. 
For the two heliostats with four attachment points per module, McDonnell 
Douglas and Boeing, an average was taken of the four planes that could be 
passed through a permutation of those four points three at a time. This is 
the case for all mirror normal computations mentioned in the remainder of 
this report. It should be noted that this method of calculating pointing 
errors does not include local facet warping or curvature between these 
attachment points. 
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Figure 7.3 shows the pointing error about the elevation axis (mrad 
rotation), due to gravity, for each individual mirror module plotted versus 
the elevation angle of the heliostat. This information is also presented 
numerically in Appendix B. The mirror module numbering is shown in Figure 
7.2. The difference in the pointing error among the facets at a given ele
vation angle is a characteristic of the beam quality degradation. The 
average of these pointing errors at each elevation angle is shown on Figure 
7.4. These results were used as input to the HELlOS optical performance 
code. Sample deflected shapes resulting from this analysis are shown in 
Figures 7.5 to 7.14. Note that the displacements were amplified in these 
plots by the amount shown on each figure. 

Table 7.1 lists the computed RMS values of the mirror module errors 
taken about the average of the individual errors. RMS values are listed for 
the elevation and cross-elevation axes at various elevation angles, a mea
sure of the individual facet deflections effect the beam quality. All three 
torque tube/beam assembly heliostats (Arco, Boeing, and Martin Marietta) 

= 

TABLE 7.1 

GRAVITY DEFLECTIONS - BEAM QUALITY DEGRADATION* 
(MRAD) 

MARTIN 
ARCO BOEING MARIETTA 

HELIOSTAT ELEVATION C-ELEV.** ELEV. C-ELEV.** ELEV. C-ELEV.** ELEV. 

0° 
15° 
30° 
45° 
60° 
75° 
90° 

ANGLE AXIS AXIS AXIS AXIS AXIS 
= - -

(Vertical) 0.29 0.07 0.09 0.01 0.05 
0.34 0.12 0.16 0.04 0.23 
0.47 0.20 0.27 0.07 0.42 
0.60 0.28 0.35 0.10 0.58 
0.71 0.33 0.42 0.12 0.70 
0.77 0.37 0.47 0.13 0.78 

(Horizontal) 0.80 0.39 0.49 0.14 0.81 

*RMS About the Average of Individual Facet Slope Errors 
**Cross Elevation Axis 

AXIS 

0.03 
0.08 
0.17 
0.24 
0.30 
0.34 
0.36 

McDONNELL 
DOUGLAS 

C-ELEV.** ELEV. 
AXIS AXIS 
= 

0.13 0.21 
0.15 0.28 
0.18 0.40 

0.22 0.53 
0.25 0.63 
0.27 0.69 
0.28 0.71 
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show a larger beam degradation about the cross-elevation axis than the ele
vation axis. The opposite is true for the McDonnell Douglas heliostat whose 
main structural components are parallel to the elevation axis. Note also 
that the large spread of errors shown in Figure 7.3 for McDonnell Douglas is 
comparable to the cross-elevation rotations of the other three heliostats. 
If a similar graph was drawn for the individual cross-elevation axis errors, 
it would show McDonnell Douglas with the least spread between mirror module 
errors at any given elevation angle. On this hypothetical graph Arco and 
Martin Marietta would appear very similar to the McDonnell Douglas' eleva
tion rotation, with Boeing approximately halfway in between. 

Referring back to Table 7.2, Boeing shows the smallest RMS values about 
both axes of the three torque tube/beam assembly heliostats, but has higher 
RMS facet slope error than McDonnell Douglas about the cross elevation axes. 

7.2 Facet Deflections Under Operation Wind Speeds 

Facet deflections due to specified maximum operational wind loads were 
determined for three orientations of the heliostat to the wind (Table 5.1). 
The highest wind speed for which beam quality is specified under the con
tract is 27 mph. 

The average pointing errors for each heliostat about the cross-eleva
tion and elevation axes resulting from these load cases are listed in Table 
7.2. Individual facet deflections are tabularized in Appendix B. Gravity 
loads were not included in these analyses so that gravity and wind load 
effects could clearly be separated. The drive mechanisms were assumed rigid 
in these analyses, so heliostat deflection due to drive flexibility must be 
added to the values in Table 7.2 before comparison with specifications can 
be made. Comparing Table 5.2 and Table 7.2 it may be noted that the differ
ences in deflections are not due simply to the differences in loads. These 
wind load pointing errors are of the same order of magnitude as those pro
duced by gravity although it is clear, from comparing Figure 7.4 with the 
elevation axis rotations in Table 7.2, that wind loads induce different 
types of deflections than gravity. Unlike the pointing errors induced by 
gravity, fluctuating wind load pointing errors cannot be compensated by the 
control software. 
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= 
CASE 1: 

CASE 2: 

CASE 3: 

TABLE 7.2 

OPERATIONAL WIND POINTING ERROR* 
(MRAD) 

ARCO BOEING 

AZ. ELEV. AZ. 
AXIS AXIS AXIS 
- = 

27 mph Wind 
Elevaron Angle: 0° 
Wind to Hstat 0.0 0.54 0.0 

27 mph Wind 
Elevation Angle: 70° 
20° A.ofA. -Elev. Axis 0.0 0.80 0.0 

27 mph Wind 
Elevation Angle: 0° 
20° A.ofA.-Az. Axis 0.46 0.47 0.16 

*Average of Individual Facet Slope Errors 
-Note: Gravity Effects Not Included 

ELEV. 
AXIS 

0.14 

0.27 

0.12 

MARTIN 
MARIETTA 

AZ. ELEV. 
AXIS AXIS 
-

0.0 0.19 

0.0 0.38 

0.31 0.13 

McDONNELL 
DOUGLAS 

AZ. ELEV. 
AXIS AXIS 
= 

0.0 0.29 

0.0 0.43 

0.65 0.21 

As with gravity pointing errors, Boeing has the least error of the four 
heliostats about the elevation axis, followed closely by Martin Marietta. 
Arco has the largest elevation axis rotation whereas McDonnell Douglas had 
the largest gravity induced rotation. 

A similar analysis was performed at SNLA on the two heliostats develop
ed by Martin Marietta and McDonnell Douglas for the 10-MWe pilot plant at 
Barstow, California. The pilot plant heliostats and Second-generation heli
ostats showed gravity deflections on the same order of magnitude. Opera
tional wind load deflections of the Second-generation heliostats were simi
lar to those of the Martin Marietta design for Barstow but slightly less 
than McDonnell Douglas' Barstow heliostat. Although the two companies in
volved in the Barstow design were also participating in the Second
generation contracts, the Martin Marietta heliostat had undergone a signifi
cant redesign and McDonnell Douglas had a completely new design. 

7.3 Structural Stresses Under Survival Wind Velociti€s 

Structural stresses were computed for two combinations (three for 
McDonnell Douglas) of gravity and wind loads described as survival condi
tions in section 5 (Table 5.1). 
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The 50 mph criteria (Load Case 4) was taken from a study of thunder
storm gusts. The heliostat must survive a 50 mph gust at any elevation 
angle orientation. The 90 mph criteria covering a combination of wind and 
gusts (Load Case 5) was taken from the Unifonn Buil di ng Code specifi cat ion 
covering most sites in the Southwestern part of the U.S. The heliostats are 
in the stow position for such high winds: mirrors upward for Arco, Boeing, 
and McDonnell Douglas, and mirrors downward for Martin Marietta. The stow 
position was chosen by the heliostat contractor. 

The largest stress values found in each heliostat are shown in Table 
7.3. These stresses are not high since the designs were driven by deflec
tion criteria rather than loading.· Also shown in Table 7.3 are the theore
tical wind speeds that would bring about the largest stress (up to the maxi
mum stress allowable) and the theoretical wind speeds that would cause 
yielding. These wind speeds were calculated from the relationship between 
wind speed and induced pressure. The pressure or load varies with the 
square of the wind velocity. 

The highest stresses, as a fraction of allowable, in the Arco and 
Boeing heliostats, occured in the torque tube near the connection to the 
drive mechanism. Arco also had relatively high stresses in the bolts con
necting the mirror modules to the structure. Martin Marieta's highest 
stress occured in the chord of an exterior truss near the connection of the 
truss to the torque tube. For McDonnell Douglas, the highest stress was 
found in the deep cross-beam near the gusset plate reinforced area. The 
maximum "allowable" and "yield" winds listed in Table 7.3 are the wind velo
cities required to bring the location of highest stress to the AISC speci
fied allowable and yield stress, respectively. 

The heliostat structures experienced the highest stress in the Case 5 
(90 mph-stowed) loading. However, the most severe condition for the pede
stals was Case 4 (50 mph-heliostat vertical) because of the additional tor
sion and shear that are present when the heliostat is in a vertical posi
tion. All torque tubes showed the highest stresses in Case 5 loading at the 
connection to the drive mechanisms. The diagonal members in the trusses of 
the Martin Marietta and Arco heliostats were checked against buckling and 
were found to be satisfactory. 

TABLE 7.3 

LARGEST STRESSES IN SURVIVAL CONDITIONS 

Calculated A llowab 1 e Max "Allowable" Yield Max "Yield" 
Stress Stress Wind Stress Wind 

Areo 8,497 psi 21,600 psi 143 mph 36,000 185 mph 

Boeing 8,164 psi 21,600 psi 147 mph 36,000 189 mph 

Mart in 17 ,138 ps i 21,600 psi 
Marietta 

101 mph 36,000 130 mph 

McDonne 11 14,251 psi 21,600 psi 
Douglas 

111 mph 36,000 143 mph 
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7.4 Natural Frequencies and Mode Shapes 

For each heliostat, the lowest five natural frequencies were determined 
in order to evaluate the heliostats' susceptibility to excitation by vortex 
shedding. Excitation by vortex shedding is an oscillation caused by eddies 
of wind forming behind the heliostat. The frequencies at which this will 
occur are determined by the heliostat size and shape, and the wind veloci
ty. The vortex shedding frequency is given by: 

Ns = SU/D 
where Ns = frequency of full cycles of vortex shedding 

D = characteristic dimension of the body projected on a plane 
normal to the flow velocity 

U = Velocity of incoming flow 
S = Strouhal number 

The Strouhal number is 0.156 for a flat plate with the direction of flow 
normal to the plate. In the case of flow parallel to the plate the Strouhal 
number is 0.145. Table 7.4 shows the vortex shedding frequencies resulting 
from the above calculation using these two cases with the worst case charac
teristic dimensions each heliostat (i.e. one side only), shown in Figure 
7.15, at a wind velocity of 27 mph. 

for D = 

With wind 
perpendi cul ar to 
heliostat: 
Ns = 

With wind 
parall el to 
heliostat: 
Ns = 

TABLE 7.4 

VORTEX SHEDDING FREQUENCIES 

Arco Boeing 

144.23" 120.75" 

0.51 hz 0.61 hz 

0.48 hz 0.57 hz 

Martin 
Marietta 

144.00" 

0.51 hz 

0.48 hz 

McDonnell 
Douglas 

132.25" 

0.56 hz 

0.52 hz 

It is worth noting that 90 percent of the wind energy is contained in fre
quencies below 0.5 Hz. Thus, the frequency range of concern is approxi
mately 0.4- 0.6 Hz. 

The frequency analysis of the models was first performed with rigid 
drive mechanisms. These results are presented in Table 7.5. The associated 
mode shapes are characterized in Figure 7.16 and the computer generated 
shapes are shown in Figures 7.17 through 7.36. The computer drawn mode 
shapes were done by a three-dimensional plotting routine, GRAPE, developed 
at the Lawrence Livermore National Laboratory. 
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Figure 7.17. Area Mode 1 

Figure 7.18. Area Mode 2 .. 
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Figure 7.19. Areo Mode 3 

" .. 

I--

r--

Figure 7.20. Areo Mode 4 
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Figure 7.21. Area Mode 5 
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Figure 7.22. Boeing Mode 1 
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Figure 7.24. Boeing Mode 3 
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Figure 7.25. Boeing Mode 4 

Figure 7.26. Boeing Mode 5 
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Figure 7.28. Martin Marietta Mode 2 
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Figure 7.31. Martin Marietta Mode 5 
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Figure 7.33. McDonnell Douglas Mode 2 
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Figure 7.34. McDonnell Douglas Mode 3 
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Figure 7.35. McDonnell Douglas Mode 4 

Figure 7.36. McDonnell Douglas Mode 5 
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Table 7.6 shows the frequencies of the heliostats where drive mechani
sms were characterized by linear flexural and torsional springs (stiffness 
values were determined from testing data taken at the CRTF). The associated 
mode shapes are depicted in Figure 7.37 and again in the computer-drawn mode 
shapes in Figures 7.38 through 7. 57. Table 7.6 also shows the appropriate 
stiffnesses used in each case. The elevation stiffnesses varied with the 
elevation angles of the heliostats. The load deflection curves of the drive 
mechanisms generally did not follow a straight line, but rather diverged at 
two different slopes. The higher stiffness corresponded to the lower loads 
with a definite knee where the change in stiffness took place (see report on 
Structural Testing of Second-Generation Heliostats by W. Rorke for more 
information). The stiffness chosen was an average value. The effect of the 
drives was to soften the structure as a whole and to spread out the range of 
natural frequencies for each heliostat. 

The lowest frequencies of the heliostats were still well above the vor
tex shedding frequencies for operational winds velocities and the entire 
ran ge of conce rn. 

The natural frequencies of the pilot plant heliostat were comparable 
with the second-generation results: 

Martin Marietta 
(Pilot Plant) 

McDonnell Douglas 
(Pilot Plant) 

Range of Lowest Five Frequencies 

W/Rigid Drive Dri ve W /Sp ri ngs 

4.1 - 5.8 Hz 2.0 - 5.4 Hz 

3.1 - 6.2 Hz 1.8 - 5.6 Hz 

TABLE 7.5 

HELIOSTAT NATURAL FREQUENCIES-MODELS WITH RIGID DRIVES 
HZ 

Martin McOonne 11 
Areo Boeing Marietta Douglas 

Heliostat Elev. 
Angle 0° 90° 0° 90° 0° 90° 0° 90° 

- = = = 
Lowest Fi ve 
Frequencies 2.29 2.28 2.48 2.47 4.56 4.45 3.59 3.43 

2.42 2.42 2.52 2.52 4.69 4.1i9 4.15 4.15 

Drives Assumed 3.33 3.26 6.90 6.57 4.85 5.01 4.91 4.89 
Rigid) 3.96 3.96 6.94 6.6r) 5.62 5.57 5.li7 5.30 

4.37 4.29 7.33 7.20 6.23 5.81 B.65 il.65 
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Figure 7.39. Areo With Flexible Drive - Mode 2 
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Figure 7.42. Area With Flexible Drive - Mode 5 
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Figure 7.43. Boeing With Flexible Drive - Mode 1 
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Figure 7.44. Boeing With Flexible Drive - Mode 2 

Figure 7.45. Boeing With Flexible Drive - Mode 3 
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Figure 7.47. Boeing With Flexible Drive - Mode 5 
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Figure 7.48. McDonnell Douglas With Flexible Drive - Mode 1 

Figure 7.49. McOonnell Douglas With Flexible Orive - Mode 2 
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Figure 7.51. McDonnell Douglas With Flexible Drive - Mode 4 
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Figure 7.56. Martin Marietta With Flexible Drive - Mode 4 
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Figure 7.57. Martin Marietta With Flexible Drive - Mode 5 
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TABLE 7.6 

HELIOSTAT NATURAL FREQUENCIES-MODELS WITH FLEXIBLE ORIVES 
HZ 

Mart in . McDonnell 
Arco Boeing Mari etta Douglas 

D· 90· D· 90· D· 90· D· 90· 
= - = 
Elev. Stiff in-lb 2.lxlO I.8xl0 7 2.2xlO 7 5.4xlO 7 4.9xl07 1.8x 

raa 
Azim. Stiff in-lb 

1.8xlO7 raa 1.5xl07 1.5xlO7 2.0xl0 7 2.2xlO 7 2.2x 

(Drives Modeled 2.28 1.59 2.39 1.75 2.15 1.62 2.03 1.65 
as Springs-CRTF 2.34 2.39 2.52 2.52 3.40 3.44 3.38 2.30 
Test Data) 2.41 2.45 2.67 2.81 4.55 4.69 3.58 4.13 

2.57 3.24 3.19 4.51 4.69 4.72 4.90 4.89 
3.56 3.70 6.94 6.49 4.81 5.67 8.53 8.64 

8.0 Recommendations for Further Analysis 

In the event these he 1 i ostats wi 11 be structurally refi ned, a revi ew of 
the deflection results yielded by the current analysis would be very use
ful. Such a review could identify the percent deflection, individual com
ponents are contributing to the total. Consequently, each of the components 
could be redesigned to more cost effective. 

Since it is anticipated that heliostat analyses will continue to be 
done at Sandia or in the private sector, a single coherent post-processing 
code to handle the data extraction, vector normal computation and averaging, 
coordinate convertion, optional gravity, out referencing, and various output 
options with regard to its further use (i.e. HELlOS, statistical informa
tion, reports) would be valuable. 

The analysis using measured drive mechanism stiffnesses was limited. 
Reanalyzing all static load cases with this stiffness is not necessary since 
deflections due to the drive can be calculated separately and added to 
structural deflections. However, further work can be done to determine the 
effects of nonlinear behavior of the drives that may result in lower natural 
frequencies, possibly enough to slip near the range of concern. 
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APPENDIX A WINDLOAD PRESSURES 

Windload pressures applied to mirror modules. The pressures were ap
plied uniformely over the shown area and normal to the reflective surface. 
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Figure A-I. Arco Heliostat Dimensions 
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Figure A-2. Arco Case I Wind Pressures, Pascals, (lbs/ft2) 
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Figure A-3. Arco Case 2 Wind Pressures, Pascals, (lbs/ft2) 
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Figure A-4. Arco Case 3 Wind Pressures, Pascals, (lbs/ft2) 
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Figure A-5. Arco Case 4 Wind Pressures, Pascals, (lbs/ft2) 
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Figure A-6. Arco Case 5 Wind Pressures, Pascals, (lbs/ft2) 
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Figure A-7. Boeing Heliostat Dimensions 
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Figure A-B. Boeing Case 1 Wind Pressures, Pascals, (lbs/ft2
) 
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Figure A-IO. Boeing Case 3 Wind Pressures, Pascals, 

(lbs/fe) 

.. 



'" U"I 

· 
395.49 348.57 292.07 233.18 201.58 135.50 78.52 39.74 
(8.26) (7.28) (6.10) (4.87) (4.211 (2.83) (1.64) (0.83) 

I 

NET FORCE = 9608 N, (2160 LBS) 
NET MOMENT = 9219 N ; M, (6800 FT -LBS) 

Figure A-II. Boeing Case 4 Wind Pressures, Pascals, 
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Figure A-I2. Boeing Case 5 Wind Pressures, Pascals, 

(lbs/ft2 ) 
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Figure A-13. Martin Marietta Heliostat Dimensions 
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Figure A-14. Martin Marietta Case 1 Wind Pressures, Pascals, (lbs/ft 2 ) 
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Figure A-15. Martin Marietta Case 2 Wind Pressure~, Pascals, (lbs/ft 2) 
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Figure A-16. Martin Marietta Case 3 Wind Pressures, Pascals, (lbs/ft2) 
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Figure A-17. Martin Marietta Case 4 Wind Pressures, Pascals, (lbs/ft2) 
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Figure A-lB. Martin Marietta Case 5 Wind Pressures, Pascals, (lbs/ft2) 
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Figure A-19. McDonnell Douglas Heliostat Dimensions 
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Figure A-20. McDonnell Douglas Case 1 Wind Pressures, Pascals, (lbs/ft2) 
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Figure A-21. McDonnell Douglas Case 2 Wind Pressures, Pascals, (lbs/ft 2) 
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Figure A-22. McDonnell Douglas Case 3 Wind Pressures, Pascals, (lbs/ft2) 
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Figure A-23. McDonnell Douglas Case 4 Wind Pressures, Pascals, (lbs/ft2) 
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Figure A-24. McDonnell Douglas Case 5A Wind Pressures, Pascals, (lbs/ft2) 
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Figure A-25. McDonnell Douglas Case 5B Wind Pressures, Pascals, (lbs/ft2) 
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In local coordinates, the i component is also the rotation of the mod
ule about the y axis, as is the j component the rotation about the x axis, 
measured in radians. The title for each analysis case shows the elevation 
angle. Also noted in the title is miscellaneous information pertinent to 
that ana lysi s. "Wig" and "G ONLY" refer to cases where gravity 1 oadi ng was 
applied. The McDonnell Douglas and Boeing results had to be averaged over 
the four possible planes passing through a permutation of the four support 
points, thre at a time. The average values are those shown and a note of 
thi sis made in the capt i on of those cases. At the end of each case are 
printed the average rotations and the RMS values for the rotations in local 
coordinates. 
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~~s z .CCC4b77Q .~~CZ~C4Q 

__ ._. __ ~~ ________ .!i~. 12 

85 



hRT AT 450, G CNLY ,ELEVATION ANGLE- ~5. DEGREES FRO~ VERTICAL 
F_CET 1 -.OC02~74~1~8~~-~.~000413~4~5 __ ~.~9~q~99~9~q~8~8~ ___________ -~.~O~C~0~2~7~'~18~--~.~7~O~7~3~9~9~0~7~~.~7~076~7~5~'+9~0 

--fACET 2 -:-;00037671 -.00032907 .99999987 -.00C37871 -.70733985 .70675165 
FACET 3 -.C(050343 -.C0040822 .99999979 -.00050343 -.70739536 .7C664833 
FACET 4 -.CC0631~3~8---~.O~C~0~7~3~2~3~q~~.~9~9~9~9~9~9~5~3-------------~.~0~C~G~6~3~1~3~8~~-~.~7~0~7z6~2~4z4~7--~.:c7~0~6~4~2~2~7~0 
FACET 5 -.00075162 -.00103213 .99999918 -.OC07'182 -.70763623 .7062Q329 

-F-.CET~----- ":.OOOH943 -.0009HH .99999920 -.00084943 -.70777108 .70621040 
FACET 7 .eOC27418 -.CCC413~4~5~~.~q~9~9~q~9~9~8~8------------~.~J~0~C~2~7~4~1~8 __ ~-~.~70~7~3~9~9~0~7~~.~7~C~6~7~5~5~9~0 
FACET 8 .000n872 -.000329-67 .99999967 .OCC37H2 -.70733985 .7C615165 
FlCET 9 .OC050343 -.C0040823 .99999979 .JOeSOH3 -.70739538 .7C66H32 

~ACETI0 .00063138 -.C0073240 .999Q9953 .00063138 -.70762447 .70642269 
FACETll .00075182 -.OC103213 .Q9999918 .00C75182 -.70783623 .70620329 

-i'ACETLZ .00084943 -.00093<;91 .99999qzO .00084H3 -.70777109 • 7C6210~0 

--AVERA~G~E"5~'~---.·C·O-O-07C-O·0·0-----.C~O~O~6~~~Z~6~3.-------------------------------------------------------

R~S I .e0059904 .00027~<;~ 

N - 12 

NRT AT 600, G ONLY , ELE~ATICN ANGLE- 60. DEGREES FRO" VERTICAL 
F AC ET 1 -. OOO~6 401 -. ce015 54'""'a~'-'.'-'q0'9~9~9'"'9'"'9'"'a~7;-'!-'-"-""=-"-"--· -"-_"'.""o-c7cT48~.iccrli'-"-''-:-c-.·5''0''C''-1-;3C<4Ci6''0----.O'865 77H1 
FACET 2 -.(0055944 -.00005C98 .9999Q984 -.000559~4 -.SOOO~~15 .86574439 
FACET 3 -.C0064832 -.C0020389 .99999971 -.00064832 -.50017657 .865b8539 
FACET 4 -.00073~8~4~1--~-~.~c~C-~0~5~9~9~4~8~~.~9~9~9~9~9~9~5~5~----------~-~.~0~C~O~7~3~8~4~1~~-~.~5~0~O~5~1~9~O~8~--.~8~6~5~5~4~9~4~5 

-~ACET 5 -.00082217 -.CCO~0815 .99999925 -.00082217 -.50078627 .865~122' 

86 

FACtT 6 -.00088915 -.0(079772 .99999929 -.00e83915 -.50069068 .86542751 
-F'-C-E-T 7 "00046401 -.OC01S~4a .99999987 .000484<11 -.50013465 .86577111 

t;'CET 8 .CC055944 -.0(005C<;8 .999QQ984 .0005S9H -.50004415 .8657H39 
FACET 9 .6~064832 -.00C20390 .99999977 .00C64832 -.50e17651 .86568539 
FACETI0 .C0073841 -.OC059949 .99999955 .000738~1 -.50051909 .86S549~5 

-FACET1l .Oooa$2*2~1~7~-~.~0~0~0~9~0~.~1~5~~.~9~9~9~9~9~9~2~5------------~.~0~0~C~8~2~2~1~7~=-~.f5~00'~78~6~2~8~~.~8~6~5~~~1~2~2~~~ 
_£~~E~T~1~2 ______ ~.~0~0~0~8~d~9~1~5~~-~.~C~O~O~7~9~7~7~2 __ ~.9~9~9~9~9~9~2~Q~ __________ ~.~0~O~O~88~9~1~5~~-~.~5~O~v~c~9~0~6~9~~.~8~6~5~~~Z~7~5~1 

AVE~AGES , 
~MS , 

.0000CtOO -.coo~5202 

.00070407 .00033157 
M • 12 

N~T AT 7CO, WI G ,ELEVATION ANGLE" 70. DEGREES FRO" VERTICAL 
FACET 1 -.CC060803 .00002214 .99999981 -.00C00803 -.34199q3~ .93990054 
FACET 2 -;OOOozoTl~54~~.~C~O~O~I~3~7~l~3~~.~9~9~9~9~9~q~7~7-------------~.~O~0~C~-6~6~1~57~----~.~3T4~1~89~12~8~~.~9~3~q~q~2n3~~~8~ 
FACET 3 -.C0072359 -.0(006C6<; .9999qq7~ -.0(072359 -.30Z07717 .93944402 

-FAC ET 4 --------~OC078~40 ~_:.!.-;:0'>C~C"'4'i;9"1"4'-i7c--.!.'-;9S9S9"'9"9"9;;.5i-7r-----------=-~.-"o~Cc>Cc.:7.3dCi5;.;4"b'-~-~.C;3;.;4;..:[.Zcarrlii9~3---" • .,:;9"3.,:;qci3Ci7:.5"3c;2c-
F_CET 5 -.oeo04197 -.00079030 .99999933 -.00064197 -.3~276a31 .93929563 

-FACEiC-6 ~-;CCO~8~8~oz2~7---~.*OC~,Zo~7~7~2~3--~.~9~.~9~9~9~9~3~8~------------~.*o*0*0~ei8~6~2~7~~-:.!.~3~4~Z~O~5~0~4~5~-~.'-;q~3~9~31~0~5~5 
fACET 7 .C0060003 .ceacaH .99<;99981 .JCC60a03 -.3419H34 .9399C05~ 

;~Cfr 0 .0JJbb154 .:CJ13713 .QQ9q~q77 .JCGb615~ -.3418912S .939q2348 
-" • CII_ L _______ ,-,-f G 12 3 j _~_ - '-.:;.; ; 0 C'-'7~0!---'.~"~'l~q;.;9~9~9~H~------------'._"J"'~';';0c;7c'i2"'lc;5,,~'--_:-:_'.'C3,,4cc2;,0~7i-7fi-l 'f6 _--,-' i9to3 9444 0 2 
FlCETlO .C00735'" -.CC;;4H43 .H<;99957 .OCC73546 -.3424819~ .H93753Z 
"CEJll.C;;O~41n -.;;;'~7!Og •• 9999933 .00084197 -.34276832 .93929;63 
f .cEiiT------- ;'CO-S6bl-7--::.-i.c;;o 77 i.3---.~q9H938 .00088627 -.342656H .Q3931055 

----.yE-~ AGESI----;-CCcocccc -. 0L0311L 7 
____ ______ .~l_-' _ __ ___ -,_9SQ21~! at 0 3i15'-'9~7J'6'_ ____________________________________________________ ___ 

N • 12 

AVERAGES: .ccacooco ~,CCCZ1451 
---~S:----~-OC077357-:-C-CG lo-ac 7 

______________ lI ____ "_lL_. _______________________ _ 

". 



• 

~RT·. HORIZ. ~, G • ELeVAr[O~ A~GLe. 90. DEGREES FqO~ VERTICAL 
FACET .~1 ______ ~-~.~0~O~0~7~9~5~Z~C~~.~0~O~O~3~7~Z~C~9 __ _L.9~9~9~9~q~9~6~1~ __________ -~.~O~00~7f9~5~2~0~~.~0~0~0~3~7~2S0~9~~.~9~9~9~99~9~61~ 
FlCET 2 -.0008Q010 .0~O~96b~ .99999956 -.00080010 .OOO~9b6~ .99999956 
FACET 3 -.OC080303 .OCOZZ'l21 .99999965 -.~OC80303 .C0022921 .999999b5 

-fACET 4 -.G0080303 -.O~02zq20 .99999965 -.00080303 -.000ZZ920 .9999Q9b5 
FACET 5 -.00080010 -.OCO~96b4 .99999956 -.00080010 -.OOO~966~ .99999956 
FACET 6 -.0007~SZO -.CC037ZC8 .99999961 -.00079520 -.00037208 .99999961 
FACET 7 .00079520 .OC037~2~0~d __ ~'S9~q~9~9~9~9~61~ __________ ~.~0~0~0~7~95~2~0~~·10~0*Of37f2z0z8~~.~9~9~99~9~9~6~1 

!FACET 8 .00080010 .OOO~9664 .99999956 .00080010 .000~9664 .99999956 
FACET 9 .OC080303 .000ZZ9Z0 .99<;9996' .00080303 .00022920 .99999965 
FACET10 .G0080303 -.C0022921 .99999965 .00080303 -.00022921 .99999965 
FACET11 .00080010 -.C0049664 .99999956 .00080010 -.0004966~ .99999956 
FACET12 .00079~20 -.000372(9 .99999961 .00079520 -.00037209 .99999961 

AVERAGES I -.OOOOOCOO -.oeoooo(o 
______ ~R~~~S~.~ __ ~.~000799~5 .OC038194 

N • 12 

NMT • CASE1. NO G , ELEVATION ANGLE. O. DEGREES fRO" VERTICAL 
FACET 1 -.00014072 .'C062353 .99999980 -.OC01~072 -.99999981 .00063921 
FACET 2 -.00015~14 .oe06dI6! .99999976 -.0001~~14 -.99999977 .00069908 
FACET 1 -.00017309 .oeoo17~1 .99999979 -.00011389 -.99999981 .0006~1~3 

YACET ~ -.00017388 .0'0~5'88 .99999981 -.00011388 -.99999989 .OOO~9165 
FACET , -.0001~~1. .OC0395~1 .99999991 -.0001~~14 -.99999992 .000~2~39 

~F~A~C~E~T~6~ ____ ~-.0001~G71 .OCO~5376 .99999989 -.0001.071 -.99999990 .00047507 
FACET 7 ;00014072 .C006235] .99999980 .0001~07Z -.99999981 .00063921 
FACET 8 .OOOL5.1~ .Oc06818a .99999976 .00015~L~ -.99999977 .00069908 
HCET 9 .00017389 ."061741 .99999979 .00017389 -.99999981 .0006H43-
FACET10 .00017388 .CGO~5987 .99999988 .J0017388 -.99999989 .00049165 

-FACET11 .00C15'14 .~COl'540 .99999991 .00015.14 -.99999992 .00042.39 
FACET12. ______ ~.~C"'001.~CL7±1 __ _L.0~0~O~~~5~3~7~6L_~.~9~9~9~9~9~9~8~9 ____________ ~.~0~0~0~1~4~0~7~1~~-L.~9~9~9~99~9~90~~.~0~O~0~.7S07 

lVERAGES I -.DCOCOCCO .LC~5l864 -------R~----.OCClL;~- .oeO<1~C~6~3~4--------------------------------------------------------

N • 1 Z 

-- -···-·--NRT-;-CAST2-;--:~O-G---~;--I:LE.VATlaN A~GLea 7C. oei~EES FRO~ iERTICAL 
F4CET 1 -.C':'C45()62 "'CC1i;1'l'-~'l~-,.~~.:!99~9q4~ -.'JCC45862 -.341126C1 .Q4005329 
f.fET 2 -':.O:03-,-;;~-:U:(;~913 .99999945 -.00C35498 -.341090~9 .94005153 
FACEr 3 -.~~C24qCQ tvC0823b6 t999q~Qb3 -.OOOZ~qOq -.3~lZ~6a~ .~3q98658 

"-"-CET 4 -.CCCl44n ."007114 .~9999n6 -.OGC1Hll -.341311940 .93992716 
F • C E T 5 -. 0 c 0 C) 6 29 • CO 0:. Oi 2 1 .,-;9,",9,",9~·1,,9,,9C!7~6c-----------,-,,-,-. 0~O~0~C~3~6~2~9f--'-"'cj)c;4,!1~]!~9"la~7-'l4c---,-.~9~3~9~9 ~1 ~6 9~0~ 

-F-.rnb-------.(COC7047----.-0COb"b65 .99999975 .00e07047 -.34136542 .93993167 
FACET 7 .COC45662 .ca~15129 .99999944 .OCC45'62 -.34112607 .94005329 

FlCET 8 .e.C035498 .OG096913 .99999945 .00035098 -.34109050 .94005153 
FACET 9 .CC02~9C9 .eCJ3z?J~e6~--.~9~9~~~9~9~9~6~3L------------L.OfO~0~2~.~9~C~9~-'-".~l~4~1~2~4~6~0~4~-'-.~q399865e 

"-.CEllO .-CCC1~411 .CC(,67114 .999Hn6 .00C14411 -,JHld940 • 93Qqz 717 
FACETll .CCCDJ629 .(COb6120 .99999978 .00003629 -.l4139674 .93991890 
FlCET12 -.COC07C47 .00C69665 .99999975 -.OOC070~1 -.34136543 .93993187 

-. V EH G E 5 I • CC OC 0 C co • ee.c 79 8" E 5 ------------------------------------------------.--------

~ MS,--!' ____ .!..;cC;cC~C2_6628 • oeo l3 277 
N a 12 

N~T • CASEJ. NO G"" __ ~.~E~L~E~~~l~T~[~a~N~.;N~G~L~E~.~~~O~.~D~E~G~M~e~e~S~F~M~O~~~V~E~R~T~I~C~A~L--~o~~~ ___ 
FACETT-----=:cC-065339 • O~066<;26 .~9<;\l<;956 -.00C65339 -.9999H7a .0'093533 
F'CET 2 -.OC064486 .~DC13213 .99999952 -.00C64486 -.Q9999Q73 .C0097563 
FACET 3 -.C0062535 .00056648 .99999963 -.00062535 -.9999.983 .OC065734 
FACET ~ -.C~0~C~6~Z~5~3~5~-~.~C~C~C~l~4~t~<;~2---L.<;~9~9~9<;9'"'9~7~4f------------~.~0~0~06~2~5~3~5~~-~.~99999994 .00071514 
FACET 5 -.~C064~86 .CC020121 .9Q999977 -.Oe06'466 -.99999998 .00G6755' 
FACET 6 -.C00653l9 .00020414 .99999975 -.000e5339 -.99999197 .OC07e416 
fACET 7 .:·;CC029~C9=-6i---'.CC05C-120 .99<;99983 -.00C29096 -.9999q987--;0065rq~ 
FACET 8 -.00027913 .00051130 .99999963 -.OGC21913 -.99999987 .Oe058253 
FACET 9 -.00025815 .00048861 .99999985 -.00025815 -.99999988 .OCC55262 
FACET10 -.00025815 .00C44479 .99999987 -.00e25615 -.99999990 .00051427 
FACETll -.00027913 .JCc'iZZll .99999987 -.00027913 -.99999991 .00050605 
FACET12 -.00029096 .CCC~]22a .99999966 -.00029096 -.99999991 ,00052102 

AveRAGES I 
M MS I 

-.00045664 .OC046670 
.00016300 .0001'~91 

~ • 12 
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VECTORS NOR"Al TO MIRRJR SU~FACE 
IN LOCAL CGO~OlNlTES l~ GlOSll COOROINATES 

~~--~--------~-------------------

MARTI'. ~ERTICAl • ELEVATION ANGLE- O. OEGREES fRO~ VE~TICAl 
fACET 1 .CCCC415b -."C019908 .9 •• 99998 .~0004150 -.99q9~9q8 -.00020390 
FACET 2 .00CC5124 -.CC022752 .q9'9~997 .OCCe51'4 -.999999q7 -.OGOZ3322 
fACET 3 .00001921 -.000158C4 .QQ99Qqq. .00C01921 -.99Q99Qqq -.OC015920 
fACET' -.oe003"5 -.CC0194C3 .99999Q98 -.00ee1245 -.99Q9QQQa -.00019073 
FACET 5 -.COOC9005 -.000Zl145 .9QQ99997 -.00009005 -.9999999a -.00C22983 
FACET b -.OCO~0~'~1~50~--~.~e~C~O~lC!9~9~~~a~~.~q~9~9~q~9~Q~9~8-------~.~J~C~C~C~.71~570-~-~.9~9~9~9~9~9~9~8~--~.~0~c~0~ZSC~3~9~0c-
FACET 7 ________ -~.~c~C~O~C~5~1~2~.~--.uCcZZ752 .999999.7 -.0000512. -.99Q99997 -.COOZ33Z2 

FACeT 8 -.CCCC19Z1 -.OC0150C4 .99999999 -.00C01921 -.99999~9Q -.00015920 
FACET 9 .ce003245 -.CCUli4G3 .QQ999996 .00ca3245 -.99~~99Q8 -.00019073 
FACETI0 .00009005 -.OCOlI145 .99999997 .0000.005 -.99~99998 -.000ZZ983 
FACETll .coeocceu -.000Z5739 .99~99997 .OOOOOOCO -.99999997 -.00025739 

AVERAGES • 
R~S • 

.CCOOCOOO -.000ZI353 

.00005024 .C00027S4 
N • 11, 

~ARTIN.AT 15 OeGREE • EL'~'TrQN ANGle- 15. DEGREES FRO" vE~TrCAL 
FACET 1 -.00008530 -.OC015991 .9~~99998 -.000C8530 -.9059~720 .25864398 

FACET Z -.0001151. -.OC020Z~9 .~9999997 -.00011574 -.96597834 .2585933. 
FAceT 3 -.aC0181'2 -.000ZZ983 .99999990 -.00Cld74. -.96598528 .25853258 

TACET • -.OOOZ797~ -.000125C9 .99999991 -.00C27976 -.96b00991 .l5H04r. 
FACET 5 -.CC03871' -.CC0351&8 .99999980 -.00e38714 -.9000168. .25831368 

-FACET 0 .OOO~0~6~5~30=---~.~L~O~071~5~9~9~1~~.~9~9~9~9~9~9~9~8~------------~.~0~o~C~0*a~5~3~0----~.~9~0~5~9~6~7~2~0~~.~2~5~8 b.398 
FACET 7 .00011574 -.000Z0299 .99999997 .00011574 -.96597834 .Z5859334 

-FACET 8 .0001.742 -.00022963 .99999996 .0001874, -.96598528 .25853258 
FACET 9 .COOZ7976 -.OC032509 .99999991 .00C27976 -.96600991 .Z56~0~74 

TACETlO .eO"36713 -.0(;'035168 .99999986 .00036713 -.90001084 .Z58Jl368 
£_ACETll .OOOCOCOO -.000l1C53 .99999999 .00tOJOOO -.9b595H3 .25871228 

AYERAGE~S~ __ ~-~.*0*00~C~0~C~O~0L-~-~.*CC~0~Z~4BCS9~0~ __________________________________________________ _ 
-'--'R"MS .COCZZ7Zl. 00006C93 

N • 11 

MARTI~.AT 30 OEGRiE • ELEVATrON A~GlE- 30. OEGREES FRO~ VERTltAl 
FACET 1 -.00020593 -.CC011CC6 .99999997 -.0002~593 -.860"80.3 .49979777 

FAC-ET 2 -.coCZ714~511~~-~.~0~C~O~1~0~5~5~O~--.~9~q~99~9~9~9*5------------~-~.70P,0P,0~2~7~.~5~1~~-~.~8~0~0~1~O~8~1~~--~.i~i9i9~7~2~Z~3~8 
FAC.T 3 -.00C38117 -.00(;28057 .99.99989 -.OC036117 -.80016865 .49958695 
FACET • -. 000 5 a 6~19;;----'.~02c20"'4'-':3;c4"7c;5'--~.-;q~9~9"'9~9~9"'7"8-------~.~02C20:.;5~J""8-71"'9-~-~. 8i<o;co;c2~~;cZ:<-7~O:;--.'c~i-;9<,9~."'220"7""O 
FACET 5 -.00005832 -.OCO.0910 .99qQ99~7 -.00065832 -.80625989 .~9.29975 

FACET 0 .OC020593 -.OC0110Ce .99999997 .OCC20;93 -.66008043 .49979777 
FACET 7 .00027451 -.00uI6550 .99999995 .00C27451 -.8b010814 .~997ZZ38 
'F'iCET 8 .00038117 -.OC023o;? .99999989 .00038117 -.866H865 .~9958e4' 
FAC ET 9 • CC 0 5 v,', 8~1~9~-=-::J.'_l0eOe' CS4C;3"4,,7-'j5~__'.,,9,,9,,Q~9~9~9±7~8-------'.70eOeO~5~0_'i8~lc<9_::-'-' 6~0~6Z'2;,4.,Z~7iiO~--'.'_:4C;Q<;9C;4<;2"'0"'7~1 
FACETI0 .00065832 -.CCC40916 .99999967 .00Cb5632 -.60025989 .49929975 
FACETl1 .00000000 .00004284 1.00000COO .00000000 -.8b600398 .50003710 

AVERAGES • -.OCOOOCOO -.JCQZoZ6b 
.00041bb3 .CC010030 

~ - __ 11"--__ 
~~~------

~---~--~-AiiTIN-;'.-T450EGRE-~E'IATlO~ ANGLE- 45. OEGPEES FRO~ VEHICAL 
FACET 1 -.OC03133' -.CCGQ54Z4 .~~;q9995 -.aCe31l34 -.7071~~13 

88 

f 



-' 

"ARTIN,AT 60 DEGREE • ELEVATION .NGLE- 60. DEGREES FRQ~ VE~TICAl 
fACET 1 -.~c~0~a~3~9+7~d+7 __ ~.C~C~v~0~,0~7pC~5~~.~9~9~9~9~9~9~9~2 __________ ~-~.~a~0~0~3~9~7~8~7 __ =-~.~~9~9~9~9~3~8~9~~.~8~6~6~2~2~~~3~0 
FAC ET 2 -~ C00526410 -.0'006116 .99999986 -. JC05ZOH -.50005296 .86576029 
F AC E T 3 -. C C C 6 7.~9:;~~3 __ =--~. O~C",O~l~':cC~C~8'c-~.~9~9~9c:9"9,,9-,-7~1 ____________ --,.~0~0~0~6C;7,,9-o~"l __ =--~. ~5 ,:-0 0':-7-29;;-~~47-9;-~.,-,8C'6"5~6,-;4c;5,,,2'76 
FACET 4 -.ccca~810 -.0(056(88 .99999948 -.OOC8~~10 -.50048566 .86551656 

~f~A~C~E~T~5L-____ ~-~._~C~0~1~C,,5~0~8~5 __ -~.C~C~·0~6~0~3~1~1~-J.~9~9~9~~~9~9~2~7 ____________ --,.~g~0~1~0,,5~0~8~5 ___ -~.~5C,:-0~52~22~?~~',-,8~6~5.~1896 
FACET 6 .C0039787 .000007e5 .99999992 .00039787 -.49999389 .86622430 
FACET 7 .CC052644 -.oe006116 .99999986 .000526~4 -.500G5296 .865760Z9 
FACET 8 .00067943 -.CC03~CCI .99999971 .00C67943 -.50029448 .86564526 
FACET 9 .00084809 -.C0056C88 .999~9948 .0008~809 -.50048566 .86551656 
FACETI0 .tOl05085 -.OC060311 .99999927 .00105085 -.50052222 .86541896 
FACETll .CCCJOGOO .00032939 .999Q9995 .00000000 -.~9971~72 .86619005 

AVERAGES I 

R ~S I 
-.00000000 -.00025336 

.00070332 .00030120 
" • 11 

"ARTIN,AT 75 OEGREE ,ELEVATIOH ANGLE- 75. DEGREES F~O" VERTICAL 
FACET 1 -.00045609 .00006718 .99999989 -.00045609 -.25875416 .96604504 
FACET 2 -.0006u242 -.00000059 .99999982 -.00060242 -.25881962 .96576973 
FACET 3 -.OC0763.~6~0 __ -_.~0~'~0~3~3~2~3~7~--,.~9~9~9~9~9~97b~5 ____________ -~.~O~0~0~7~673~6*0----~.~2~59~1~4~0~0~7~~.~9~657C995 
FlCET 4 -.00093640 -.OC05679~ .999999.0 -.00C93640 -.25936759 .96564180 
F~l~C~E~T~5 _______ --L.0~0~1~1~4~5~'~3~_-~.~0006~0~9~8~3~~.~9~9~9~9~9~9~1~6~ ________ ~-~.~0~0~1~1~4~'~4~3~~-~.~2~5~9~4~0~8~015 __ ~.9~bZf558915 
FACET b .00045609 .00006718 .99999989 .000456C9 -.25875416 .9660~50' 
FACET 7 .000602.2 -.00000059 .99999982 .00060242 -.25881962 .96516973 
FACET 8 .00076359 -.C0033237 .99999965 .00076359 -.25914007 .96570995 
FACET 9 .00093b~0 -.0'056794 .99999940 .00093640 -.25936759 .96564180 
FACETIO .00114543 -.OC060.83 .99999916 .00114543 -.25940805 .965589ili 
FACETII .00000000 .00044386 .99999990 .00000000 -.258390Z8 .9660~061 

AVERAGES 
R~S 

-.00000000 -.OC022211 
.00077961 .OC034C21 

H - 11 

"ARTIH,HORIZONTAl ,ELEVATION A"GlE- 90. DEGREES FRO" VERTICAL 
FACET 1 -.C0048468 .OC012311 .99999987 -.00C484e8 .00012311 .99999987 
FACET Z -.00063932 .CGJ06C15 .99999979 -.00063932 .00000015 .99999979 
FACET 3 -.G0079821 -.0003032~3 __ ~.9~9~9~9~9~9~b~4~ __________ -~.0~0~0~7~9~8~2~3'c-~-~.~G~0~0~3~0~3~Z~3~~.,,9,,9~9~99~9~6~4=-
FACET 4 ~.C0090391 -.00053629 .99999939 -.00096397 -.00053829 .99999939 
FACET 5 -.00116570 -.00057716 .99999915 -.00116510 -.00057716 .99999915 
FACET 6 .C0048468 .C~012311 .99999967 .ooo~a468 .0001Z311 .99999981 
FACET 7 .CCCb3932 .CCuGb20~1~5~--,.~9~9~9~9*9~'7797-__________ --,.~Q~C~0~6~3*?~3~2 __ ~.0,:-O~C~0~b~0~1~5~~.~9~9~9~q~9~9~779-
1icET 8 .OOC79~2l -.00030323 .999~9964 .00079823 -.00C30323 .99999964 
FACET 9 .oe0963q~7 __ =--~.~CO~0~5~3~,8~2~9~~.~9~9~q~9~9~9~3~9 ____________ ~.~0~0~0~9~6~3~9~7~~-~.~0*0*015~3~8t2~9--~.9~9~9~9~9~9~3~9~ 
-FACeIT-o-------;-coT6570 -.C'057716 .99999915 .00116570 -.,,0057716 .99999915 
FACETll .CCOCCCCO .CC0529b7 .99999986 .OOOOOOCO .0005Z967 .999'19986 

AHPAGES -.occecceo -.oce17647 

R 1"5 I .L~~dJ554 .C'v3j7~1 
N • _~! ___ .. __ 



FACEifo .COOO2~65 .Oe030552 .QQ999995 .0000H65 -. H173303 
FAC ETll -.OOOeOtOO • Ce057816 .999Q9983 -.00000000 -. HH7680 

AYERAGES I -.00000000 .00037941 
R"S I .OOOl"3~ .COOO8528 

N • 11 

"ARTIN,CASE3 , ELeHTlON ANGLE· O. De;UES FRO" YERTICAL 
FACET 1 
FACer 2 
FACET 3 
FACET ~ 

FACET 5 
FAcer 6 
FACET 7 
FACET 8 
FACET 9 
FACETlO 
FAC ETlI 

AVEHGES I 

-.OOO36H1 • 0001 9qz9 
-.OOOH6~5 .00017318 
-.COOH969 .OCOOHI2 
-.00054398 -. CCOJHC] 
-.CC066120 -.GOO08621 
-.00018038 .(0019606 
-.00014695 .00019C~4 

-.00012972 .ocel7l0] 
-.00014505 .00015875 
-.00016893 .00015~32 
-.OCCld746 • oe02 1573 

-.00030672 .CC012671 
.ce017733 .(0011114 

~_,._. Jl.._~ __ 

.99999qq1 -.00036~ 11 -.99999998 

.99Q99qQ1 -.JOOHH5 -.999Q9999 

.99999990 -.000~~969 -1.00000000 

.99999Q85 -.0005~398 -1.000COOOO 

.Q9Q9Q978 -.00066120 -1.00000000 

.q~q99996 -.00018038 -.99999998 

.9Q999997 -.~0014695 -.99999998 

.99999998 -.00012972 -.99999999 

.999Q9998 -.00014505 -.9Q99Q9'19 

.99999997 -.00016893 -.99Q99Q99 

.<;9999994 -.00018746 -.99999996 

"----vEcro"RTHoiiliAi--fO MIRROA SuRFACE 

.939197H 

.939a9020 

.000H508 

.000~3Z62 

.00045045 
-.CC05~821 
-.00066679 

.00026642 

.00024094 

.00021514 

.00021503 

.00023016 
• COO 33 3~2 

IN_LOCAL COORDINATES [N GLOBAL COORD[NATES 

--------,.c:.-C-:---;-v~-f_;\il"G , ELEVATION ANGLE. O. OeGREeS FAO" VE<TICAq~ PLANE AVERAGE---
FACET I -.C0016C6l -.:.065218 .~.~9~9~9'~~9~7~1~ _____ ~-~.~O~OOI6062 -.99999979 -.OC076025 

F"AcEr-2--------:";"(ccibb"j"O-=-. " CT.j3"i;rr--. <; 9999 9~9 -. OOC 16630 -.99999956 -. OC100599 
FACET 3 -.coooal13 -.COI13C'5 .99<;9'93~ -.DOCOSll] -.99999936 -.OCll~936 
FACET.--~--.aiio-cc-ooo -. 00119732 .~99999Z8 .cocooooo -.99999qz8 -.COll9732 
FACET 5 .Ce008113 -.~OlI3C'5 .99<;9993, .OOOOS113 -.99999936 -.00114936 
-F"AC-ET-6--~-----;cco16-;'-jo::;C~9]410 .99,,.9949 .OC016630 -.99999956 -.OOi()0599 
FACET 7 .OGC16062 -.COOb5218 .99999971 .OC01~062 -.99999979 -.00076025 
foe "Ey-S-------;-CC(;I;-~-e6-~-;-OCOb6565 .9<;<;99970 .00016086 -. '19999978 -. COO 77192 
FACET <; .C0016661 -.C009.7.9 .9<;999948 .OC016661 -.99999955 -.COl~18~9 
i'.cfTl~---------.600Qij"jj9 -.C0I14379 .9~9q9933 ."JOC08139 -.99999935 -.00116250 
FACeTll .COOOCOOt -.C0121e58 .99999927 .OCOOOOCO -.9,999927 -.0012105S 
FACET1l~-" --::-."6-co"c-ii"i"39-.cCl143n .~9999933 -.00t08l39 -.99999935 -.00116250 
FACET13 -.00016662 -.OC096464 .99Q99946 -.00015;62 -.99999953 -.CCI03563 

-FAcTII' -;000"l6066 -.00066565 .99999nO -.00016080 -.99999978 -;-COO1'1192 

" -'IiE"ji-';:GE~S ~I ~=--;. O"'O""'OO"OO"'G"O --.:"C""'O "C;;-9"-'"C;--1 9n------------
_______ ~n __ ," ____ ,~g9.!.1J_09.CCv20o,_"5,,3'_ ______________ " ____ ~~_ 

N • l~ 

~c.c ,AT 150,~1 G , ELEVATION AH~G~L~E~.~~1~5~.~O~eG~RE~e~S~F~R~O~M~V~E~~~T~I~C~A~V~4~P~L~A~N~E~A~V~ER~A~G~E~~~~~ 
FAceT 1 "-.C0626046 -.0'C54796 .99999977 -.00026046 -.96606750 .2'816981 
FACET 2 -.000Z396~ -.000777C8 .99999963 -.00023964 -.96612666 .25799661 
--FTcET-3~------;-i,_oaio~qZ_.::~OC06q325_:99999959 -.000IH92 -.96615663 .25794,Q6 
FACET 4 .ocooocoo -.0~0918~4 .99999958 .lOOOOOCO -.96616315 .25793170 

f;;"CETT---:OOOI0492 -.000693Z5 .99999959 .OOCl~492 -.96615663 .2579H96 
FACET 6 .C002396~ -.C00777e6 .99999963 .000239t, -.96612666 .257Q9661 

"fACET 1"" .C0026046 -.00054796 .999~9977 .J002b046 -.96606750 .25816981 
FACET B .0000.914 -.CC07749~ .99999962 .00004914 -.96612610 .25798089 

-FAC"cr 9 .00008098 -.OC10885S .99999933 .00008098 -.96620700 .257699., 
FACETI0 .C0005166 -.00135C~3 .99999905 .00005166 -.96627446 .2~7~a777 

"-FACETlI .OCOCCCOO -.00145361 .99999894 .00000000 -.'16630108 • 25H1450 
FACETl2 -.00005166 -.C0135CH .99999Q05 -.00005166 -.96627H6 .257~a777 

-FA cITi 3 - • 0 C 0 C 8 0 9'1 -. O"C~1~1~1"4'-'4"7°--'."9"'9"'9'""9--=9--=9-'=2-=9------=-::...'--'0~0~0~0~d'-!0~9~9;-..::-:!.--=9"!6"!6~2~1.;3-76'-t-6--'--. 2~5~7~6~7~5~1~7 
"_F_~_~_H"li _______ _:.~OOO.91~ -.C0077~94 .99999962 -.a000491~ -.96612610 .25798089 

AVERAG~E~S-'~---~.~C~O~O~OOOCO -.0009~4~7~,~~~------------------------------------------------------
----R~S I .00014537 .C0027b78 

N • lit 

~OAC ,AT 30D,WI G ,ELEV~TION ANGLE- 30. OeG~EES FROM YE~TICAV~ PLANE AVERAGE 
FACET 1 -.C003~3C2 -.OC0429CO .~9999Q82 -.00C34302 -.86623982 .499~9~47 
FAcer 2 -.00029116 -.0(059CtO .99999977 -.00029116 -.86632055 .499~ 
fACET 3 -.00012181 -.Q0061932 .99999980 -.000IlI81 -.86633~9C .~Q9~5328 
FAC(";-r-47----~-.CooooCoo -.00;060152 .99999982 -.00000000 -.86632601 .4994789a 
FACET 5 .C0012181 -.00061932 .99999980 .00012181 -.86633490 .49945328 
FACET 6 .0002~9~7S1~6~--~.-'=C~0~J~5~97C~t~O---'--.9~9~9~9~9~9~7~7°-----------~.-'=0-'=0-'=O~2~Q~7~16~--~;8663Z055 .499~12Z5 
FACET 7 .C0034302 -.C004lgeo .99999982 .00034302 -.86623982 .499494~7 
FACET 8 -.00006538 -.(0085398 .99999956 -.00006538 -.806~5Z07 .49918659 
FACET 9 -.00000960 -.0011789] .99999921 -.00000960 -.86661426 .49891693 

FlCETlC - .Q0001869 -.COI4d9"7 .99999883 .00001869 -.B6676898 .49867854 
FACETl1 .oeoooooo -.OCi62l17 .99991868 .00COoO(0 -.866S3'35 .~9859450 
FACETI2 -.00001069 -.OtI489(7 .99999883 -.00COll69 -.86676898 .~9867854 
FACET1] .CCOO)9,9 -.0(121163 .99999917 .00C009~9 -.B6663057 .49888988 

90 



: 

FACET14 .~CCCb537 -.d6b45Z07 

AVE~'GES I -.C"OCvC~O -.COJ8ge44 
" ____ ~_ .C0017949 .00040324 

N • 14 

MOAC ·,AT"~415~0~'~.~/~G~~'~E~L~E~V~A~T~I~a~~~A~"~G~L~E~'~~4~5L.~0~E~'~R~E~E~SLLF~R~O~"~V~E~R~T~I~C'~V~4~P~L~'~H~E~A~V~E~R~'~G~E~ ..... 
FACET 1 -.e0040351 -.0002~342 .99999987 -.00C4J351 -.70730716 .70675135 
FACET 2 -.C0033H9 -.QCJ36677 .999H9a8 -.00033H9 -. 7073660,!,8~-",-:7~,0675352 
FA-~3---~0013C80 -.Ce030586 .9QQQ9Q94 -.OCC13080 ~.7073Z302 .1068bZq~ 
FACET. -.COOOOOOO -.ceOZ.599 .QQ9'9997 -.OOOCOOOO -.70728070 .70693282 
FAC ET 5 • C0013080 -.oe030586 .9999.994 .00013080 -. 7J732 302 .70686294 
FACET b .00033549 -.OC036e77 .99999Q88 .00C33549 -.70736b08 .70675352 
FACET 7 .e0040351 -.000283.2 .9QQQ9987 .00040351 -.70730716 .70675135 
f~CET 8 -.C~~b~0~1_-~.~O~0~"~6~7~9~5~5~~.~9~9~9~9~9~9~5~3 ______ -~.~0~C~0~1~7~6~0~1_-_.~7~0~7~7~2~8~4~.~~.~1~0~6~~~2~~~8~' 
FACET 9 -.00009985 -.oe119404 .99999919 -.OC001985 -.70H5101 .70620956 
FAC<T1C -.OC001560 -.OC153301 .99QQ9875 -.00001560 -.70818995 .7059909; 
fAC-{T11 • oc·iiO~0;;"'OO~0'---".~0~C~1678~72~7~-.'-:9'"'9'"'9~9:-'9;';8;';5c;8:-------."J<;o<;0"'·c;-:o;;0c;0;;0~---' ... 7'<0~8~2"9,;8,;.8"5--'-. 7!;'0~5~9'"'1C-'2;'6;";~ 
FAceT12 .00001060 -.001533~C~1~~.~9~9~9~9~9*8T7~5 _______ ~.~O~0~C*0~1~5~6u~·_-~.~7~081a9~g~5:-~.~7~05g9a91 
fAC"E"T 13 .C0009985 -.00123204 .~999HH .COCOHb5 -.70H1H2 .7061H72 
H ~ ];11..4 ___ " • at 0 17 ,,6 0><." 1,"--,-",.,-"<>c,,,a'-S8,-,7,-,9,-,5,,5~--, •. ,,9-,,929~9-'.9 ~9L5 iL3 ______ ~.-"0"'0"'0"'1-'.7""o ,,-C,,"1_-=".~7,-,0,,-7,-7'.J2..,8!.:.!.:4,-~.C!I" 0 6 4Z 48! 

AVERAGeS I -.ocoeoooo -.00079265 
-"---if~SI--·:CC021833 •. 00J52919 
_______________ !l'-.:·'-!1c'4e-. _______________________________ --

--"-~c-, -,i T /;00,., "G--,-;CE'-L E=V .,.AT=IO;;cN:;-A"N;-;G;-;L-;E'".:--;6-;;0:-.~0.,E-;;:;-;;R-;;E-E;:S-,F"'R;;cO;;c":;-;V""E"R"T"I'"'Cc;cA~ L A HE AV ER AGE 
"FA~;LL_ -.op.Q.li4aZ -.OC014318 .99991990 -.00043402 -.50012399 .86579652 
FACET 2 -.0003~891 -.000142e9 .99999993 -.00034891 -.50012305 .86583?7C 
FACET 3 -.00013001 .00000386 .99999998 -.00013007 -.4Q99966~ .86602611 
"F'fET ~ -:00000000 .00010135 .99999999 -.00000000 -.49"<191222 .86607608 
FACET 5 .C0013001 .00000388 .99999998 .00013001 -.49999664 .86602617 
Fice"T"6-----;OOOH891 -.00014210 .99999993 .0003't891 -.50012305 .8b583670 
FACET 7 .000~3~02 -.OOOl~318 .9999Q9QO .00C434C2 -.50012400 .86579652 
·F-i'-CET 8 -.00021358 -.00086581 .999999H -.00027358 -.50014962 .86554196 
FACET 9 -.00018212 -.00114771 .99999925 -.00013272 -.50099362 .86541365 
FACETle -.00004877 -.00148922 .99999881 -.00004817 -.50128915 ;86525555 
_~~"(;ETll .OOOOCOOO -.00165318 .99999863 .00000000 -.50H3101 .86519763 
FACET12 .0000.877 -.OC1~8922 .99999881 .00e04817 -.50128915 .86525555 
IfCET13 .00018211 -.00118705 .99999920 .00013271 -.50102766 .86539550 
FACETH .00027357 -.00086581 .99c;q995+ .00021157" -.50074963 .8655H95 

AVERAGES I -.00000000 -.00065425 
R~H~S~I ____ .~COOZ50P~ .00062t40 

N • 14 

HDAe ,AT 75D,WI G , ELEVATION ANGLE' 75. DEGREES FROM VERTICAV4 PLANE AVERAGE 
~F~A~C~E~T~1~~~-.C004362~ •• C005279 .99999990 -.OOC4362~ -.25&76806 .96603952 
F"AC~ET~2L. __ -=-.000H960 .00013797 .99999992 -.OOC339bO -.25868578 .96b02H3 
FACET 3 -.00012086 .00035927 .99999989 -.00012086 -.Z58~1201 .96604~65 
FACET 4 -.cooooooo .00048791 .99999988 -.ooooooeo -.25834773 .96605199 
FACET 5 .00012087 .C0035926 .99999989 .De012087 -.25847201 .9660~485 
FACET 6 .00033960 .00013796 .999999Q2 .00033960 -.25868578 .96602243 
F"'AC~E~T~7:---- .CCO~36Z4 .ce005218 .99999990 .JeC43bH -.25810806 .96603952 
f}~ET 8 -.00035308 -.0007~9Z2 .99999963 -.00C35308 -.25954267 .96570415 
FACET 9 -.C0025345 -.oe097971 .99999943 -.00025345 -.25976525 .96'65084 
FACET10 -.00007867 -.oe130216 .QQ,q9908 -.OCC07867 -.26007662 .96557~24 
FACET11 .00000000 -.001~6515 .9.,q9893 .0c(00ceo -.26023399 .,6554558 
FACefl2 .0Q9"07867 -.00130216 .99~9q9C8 .occe7867 -.26001662 .96501424 
FAC E 113 • oe 0 2 >374""5---'-. C;C"~'1~V;<:1"'8"~~2O--'CO'l9 9H 9!:3"'9~-------'.'!()'!O~0~2 °51-~4"-5~--'"'.'""2 5"q 80 263 • 9; 5 b H85 
~F~A1'£ELT~14~ __ ,~ __ ~.~0~0035307 -.OC074923 .9,999963 .OCC35307 -.Z595~267 .9657G~15 

AVERAGES I -.COOOOOOO -.CC0427Cl 
R~S I .CJ027133 .C~OO~:~3 

" ___________ ~_~_1.4 __ 

--~c_;HQi"Ii";'IIG---, -e LEV.i"i I ON -'''NC"-;G''L-;e'-'-''9C:0-.--0"''E"''G"''R''"E''"E ""s -,F:c~;cO:c~c-:V""E'"'~c;Tc;Ic:Cc:A71/T.4-op7L7.7H"E AVE .. G E 
FACET 1 -.((,410.5 .0'013240 .99,999,0 -.00041005 .000132~C .,,999990 
FiCET 2 -.eC030811 .CCv29t41 .9Y9Q9988 -.00C30811 .OOC296~1 .Q999998d 
,AeET 3 -.'C010373 .00051<90 •• 9999977 -.oeOl0373 .00057890 .99999Q17 
HcTT·4----.:~-(COC.;COO .0e073'" .Q9999973 -.00000000 .00073045 .99999973 
f~~T 5 .0~OlC373 .';C,,7&90 .999Q9971 .J0010373 .00057d90 .,q99~911 
FACET 6 .C0030811 .e002ge41 .99999988 .)Oel08H .00029641 .999999-86 
FACeT 7 .cce410C5 .CCJllZ39 .99999990 .00041C05 .OC013239 .Q9919990 
FieET 8 -.C0040986 -.0006H31 .999Q99b6 -.oeC4098b -.0006<131 .99Q99966 
FA C ET 9 -. co 0 3 <) 7 9 t ~". OC;-;0C;6C;b'-'1;-;1,.,6:-~.c;9c;9"9,,9,,9~9~5~5--------'.C;l"'0"'0~3,~0,,7.;;9~1_,,-.... ~O 0~C~8",b~1~1 .. b~-,.,-,9~9~9~Q~9~9,",5~5 
F4CET10 -.COOl0353 -.001143~6 .99'Q9928 -.00C10353 -.00114346 .99999928 
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FACETll -.COCCOCCO -.OoH'14"9 .99,99916 -.OCOOOOtO -.OOlZ9~69 .9999991b 
FACETlZ • OCOI0352 -.OC114348 .99999928 .00C10152 -.OOllB48 .99999na 
FACETl3 .C0030HO -. COO 8 9 e 71 .99999951 .00C30790 -. 00069b 71 .99999951 
F1CETl4 .CCC40985 -.C';Jbn31 .999999b6 .00040985 -.OOObq731 .99999966 

1VEPAGfS I -.CCCOOOOO -.OC028409 
R"S I .CC027963 .OC071155 

N . lit 
"QAe ,CASEl,WI G , ELEVATION .ANGLE- O. OEGREES FROM YERTICA~4 PLANE AVERAGE 

FACET 1 -.00023399 -.oe0371"" .99999987 -.00023399 -.91999993 -.00049010 
FlCET 2 -.CCCZ17SQ -.OCC536b7 .99999981 -.00021789 -.99999n5 -.oeObH3Z 
FACET 3 -.eOO09733 -. COC611Zb .99999981 -.000097 33 -.99999981 -.OO06Z302 
FACET 4 ,00000000 -.00,,61992 .99999981 .OOCOOOOO -.99999981 -.00061992 
FlCET 5 .cooon33 -.OtOb1126 .99999981 .0000'133 -.99999981 -.00062302 
FACET 6 .00021769 -.000538"7 .99999981 .00021789 -.99999985 -.0001>1332 
fACET 7 .00023399 -.00037143 .99999987 • 0OO21]Q9 -.99999993 -.OOO~9009 
FAe~T 8 .COO0675\ -. O~03 5929 .99999981 .00ooa75~ -.99999993 -.00000850 
FAC ET 9 .00011512 -.OC;i75571> .99999959 .00C11512 -.99999971 -.COOS95q~ 

FAC ETlO .COO06531 -.00107579 .99999937 .00006511 -.99999H2 -.OC1l2ISl 
FACETll -.CClOOOOOO -. e01ZJ~75 .99999928 -.OOCOOOOO -.99999928 -.00120075 
FAeETl2 -.00006531 -.oel07579 .999~9937 -. ooaOH 31 -.99999H2 -.00112IS1 
FAe ETl] -.00011512 -.00078806 .99999950 -.00011512 -.99999968 -. ciOO9Zb21 
~~ET14 -.COO08755 -.OC035<;29 .99999981 -. 'J0006 7 55 -.qqGl99qq3 -.00060850 

AYE~ AGES -.ooooocoo -.COJ66Z67 
R"S .OC01398~ .00027H5 

N . 14 

-----, 
"OAC ' ,eAsei,W/OG , ELEVATION ANGLE· O. DEGREES FRO" VEn toi/s EFF Ee TS THEN OUT 

HCET 1 -.OCOO7337 .00028075 .00000010 -.00007337 -.00000014 .00027015 
FAC ET 2 -.teOC5159 .oeOH543 .OO(;OOO]Z -.00005159 -.000000Z9 .000]9207 
FACET ] -.CCOOH20 .00051919 .. COCCOO47 -.OCC01620 -.00000045 • ceo 526H 
FAe ET ~ .00000000 .00057740 .00COO053 .00000000 -.00COO053 .oe057740 
FACET 5 .OCOC1621 .OC051<;!9 .OCOOOOH .00001621 -.OOOOOOH .000526H 
FACET 6 .COOO5160 .CC0195H .00000032 • ~0005160 -.OOOCiOOZ9 .C0039Z6';-
FACET 7 .000C7337 .00C28C75 .COCOOOlO .00007337 -.OOOOOOH • COO27016 
FACET B -.00007332 .CC030~37 ."0(;00011 -.OCOO133Z -.00000015 .0001OH2 
F AC ET 9 -.00005150 .OC01,!173 .0CCOOO11 -.00005150 -.00000016 .00C12Z~5 

E'AC Eno -.00001608 .00OObeCl .0000C004 -.00001608 -.oCCCOOe7 .00CO~069 
j'ACETll -.00000000 .CGCC0964 .~'~vQOCI -.ocoeoooo -.OOvOOOOl .00000984 
F~CETl2 .000011>08 .CtCObetl .OOCOOOO~ .000(,1608 -.000COOC7 .00004069 
F~CE1l3 .00005149 .OC01H78 .oeco0010 .00005149 -.00000015 .00010942 
FACET14 ."007331 .OC030637 .0COOOOll .00007331 -.00000015 .00016342 : 

AYE,AGES I -.CCOCOOOO .CCJ2Q252 
• ~S I .COOC~d69 .C('Ol71l't 

N . 14 

MuAC ,C~S=Z,.I G , t:.L::'IATI,Jk .A~Gt.C. 1e. Oi:,j~EES FROM ~E.TI~~L'NE AVERAGE 
HCET 1 --~QC05~G61 ,CC·:)4144'" .9q999971 -.OCC5~OB7 -.34157027 .93.9515b 
F AC ET 2 -.CC.C~533" .COJ52"~1 ,qC;C;~"Q7J -..i0~~341493~.!."~_lill~_, 
FACET 3 -.(,,':;01;C58 .,-COd35Ga •• 0;<;19<;57 -.00CI5058 -.34123 .. 46 .94000695 
FAC ET 4 -.ccccccce .CC1CJ543 .9'9~90;"9 -.JeCOOJCO -.341t7518 .940a~602 
FAC ET 5 .COO15C;6 .CCO,,),':;7 .90;999957 .00015058 -. Hll34~6 .94000695 

,f,,,CET b .C004533O • Oe0554( 7 .~Q,?~q~13 .lO045334 -.341,.99.'" .939H184 
FAC ET 7 .OC05~ee7 .(;C{..47444 • q99q9971 .OOC5~oe7 -.34157(,28 .93'i95156 
FAC ET 8 -. OCO,~M~---=.....QQQ~5G • <;9'iq~975 -. JOC39Zb6 -. ]~146008 .93946082 
FAC E T 9 -. CCOZd 313 -.OC07~t67 .'i9ct'iQQS7 -.00028313 -.34275927 .93937807 
FACETtO -.00009719 -.OCll~c5l I ':f3'H9QZ, -.00C09719 -.l't311607 • Q392bb96 
FA-cEll 1 .cooc-CCOO -.OC135338 .999Bo;08 .oocoooco -.34329159 .93922888 
FACETlZ _--,-,Q.Ot9719 -.00110052 .<;9,'19922 .000097l9 -.3H1l608 .93926696 
FACET 13 .CC028312 -.CCOa319C .9999H52 .0002;312 -.34280175 .9]936531 
£.~CETl4 .COC3926B -.oeo.a<;51 .99999975 • 00C392 68 -. HH6009 .93946082 

___ A_~E_.-'{~~ ;--::;-~~§~~~ ~~ -: ~~g~~;:-l~~~'O~c----------------'------------
N • lit --------------------

--- -----.-----~-.---

MOAe ,eASEzs.WIO G ,ELEVATION ANGLE. 70. OE.REES FRO" VE~TICAV4 PLANE AVERAGE 
FACET 1 -.9COI5"8 .CC051;0;0 .".<;99981> -.oeOI5058 -.34153531 .93987632 
'FiCEll -.0 COlO b 8 8 • oeo, 3 7C;;e-;2---'-.-;;9"9"'N"''l'''9«76 ~5 -------=:---'.~07C7C"'lfo'i-"~8~8 --:C.'-'3"0C;IC'5'"ICC4H7;';1C---'."'9"'3~9~6:';;6-'!1~07-~ 
FACET 3 -.ccoal53] ,00062143 .999.9960 -.OCCC2533 -.34143613 .93990863 
FACET('--- ~il-oci;oco--;-coc b 71 H • 9 9';;Q9;;-9;;-9;;-7"'7;------.::-..!.~~~c~0~C~Jv~, o'fo -03H 3 B 9 21 .939 9Z 202 
FACET ~ .OOCCZ533 .cooon"3 ••• "99960 .00C02533 -')4H31>13 .93990863 
FAC-ETi,----'-.'(j(,Crn-cll--. iia05 37~-;q-<iQ99985 .OCOI0688 -. 341'51471 .9398BlO~ 
FACET 7 .000150,8 .0'051590 .99999986 .00015058 -.]0153531 .939871>32 
FAC-ET 8 -:000C6255 .CC03H14 .9 .. 99994 -.00006255 -.3U70Ho .93981070 
FACET 9 -.~0005079 .0002S9~3 .99999996 -.00005078 -.3~17~815 .93979446 
Fi(EllO -:,-OOOZ 776--. CGO'24ZC 1 .99'i~9997 -.00002776 -. ]4179Z72 .93977-71'0 
F .. KEqL __ --.::.Jl.ll.Q.oogQO • eCOZ2G26 .99999998 -.00000000 -.3H81316 .93971>793 
FACET12 .COOC2776 .00024201 .99999997 .00002776 -.34179272 .Q3977710 
FACEn3 .000C5078 .OC028354 .9999Q996 .00005078 -.34175369 .93979258 
FACETi4 .COOOoZ'55 .00033tH .99999994 .00006255 -034170410 .9]981070 
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-.COOOOOOO .00042653 
.00007746 .00015649 

N • lit 

~=-"~OA~C~'~"uC~A~S!3'WI G 
'FACET 1 -.ceon984 

, ELEVATION 
-. eOCll 742 

ANGLE· O. 
.9999H46 
.99999940 
.99999949 
.999999H 
.99999956 
.99999966 

FA~ET 2 -.00089009 -.eC05H66 
FACET 3 -.00071341 -.00010172 

,FACfT 4 -.00056381 -.000175"6 
FACET , -.00050293 -.OG0181H 
FACEr 6 -.00041421 -.000)61360 
FACEr 7 -.00041493 -.OCO"7840 
FACET 8 -.00064295 -.00066423 
fACET 9 -.00059118 -.000920<;2 
fAceT10 -.00056551 -.00114653 
fACET11 -.00060550 -.00120852 

,lACEr12 -.00010032 -.00107231 
fACEr13 -.00078194 -.C0081472 

,_B.ceru -.00017112 -.0004 1899 

_,AYERAGES , 
R"S , 

-.OC065060 -.OC074422 
.C0015214 .CG027C"8 

N • 1.,. 

MDAC' .CHO. WlO G • ELE VA TIC" 
fACEI 1 -.OCOHnl • CC04H77 

F AC ET -.CCC1Z30C .:lC..J3~;." 

f.AC __ ~J ___ 3 __ ~ __ ~~ __ Qg_~.~_-U.! __ ~:-" c 13 
FOe ET ~ -.CC05b381 .C\:J4213b 
F AC Er 5 -'~~,2i-"~~ .';,"0)40;31 
TACTf'- 6 -.C005.0;6 .O(.:,)ZbC50 
fAcer 7 -.00057';5 .OCJ17376 
TAeff d -.CCC60lS1 .COCC143 
FACET 9 -.(,0075639 .CCj~2b57 
FACETlO :'.'OCbbb9~ -.CCJouZH 
• ACET 11 -.~C06055C .OCJOC2C6 
FAeETl2 -.OC061093 .ceo07l.8 
FAC"Tll -. COC615 32 .CC015C12 
"FACH14 -.CC061026 ."024606 

• 99999916 
.99999952 
.99999934 
.99999914 
.9999Q909 
.9J9Q9914 
.99999926 
.99999951 

AkGlS- O. 
-.O'OC.OOC25 

-. C 0(00C09 
.C.ll..ivvCl' 
~OOCOOOZ6 
IOCC~OCZZ 
• c', COOO17 
.00COC005 

-.OOC")OOlS 
-.00cooe14 
-.00000019 
-.ecoaIlClS 
-.00'00019 
-.OOCJC020 
- .00COOC19 

DeliREeS 

DEGREES 

FRO" VERrICA~ PLANE AVERAGE 
-.00092984 -.99999997 -.00096922 
-.00089009 -.99999985 -.00105636 
-.00071341 -.99999976 -.00100587 
-.00056]81 -.99999970 -.000960.7 
-.00050293 -.99999910 -.0009332. 
-.00041421 -.99999978 -.00081886 
-.OOOH.9] -.99999989 -.00066'169 
-.00064295 -.99999978 -.00095652 
-.00059178 -.99999958 -.001133.6 
-.00058551 -.99999934 -.00130593 
-.00060550 -.99999927 -.00135252 
-.00070032 -.99999942 -.00130280 
-.0,007S194 -.9999996& -.00118212 
-.00077112 -.99999991 -.00091466, 

fOaM YEHIC' G EffECTS TAKEN our 
~.00070921 -.00CCOO18 -.OCOZDsn 

- ,.Joon J 60 -.00000029 -.OC005038 
-.JCCbl2za -.c~vC,jv'tC .0001'349 
-.OQC5bl81 -.00000042 • cc.:.zTii 65 
-.00053406 -. 00000034 .00021612 
-.0005;056 -.00000022 .OCC16712 
-.00C57555 -.00CCOCI0 .COCO~C56 
-. JOC80381 o.OOOCOOOO -.00Ole460 
-. )CC75d 39 -.00000003 -.OOOll~n 

-.OCC66696 .eOOCOOOl -.OOOHlH 
-.00060BO l.OOOOoooo -. C001H93 
-.00061693 -.000000)07 -.COO1003O 
-.OC061532 -.OOOCOO13 -.0001"649 
-.OCC61026 -.OJOOOO13 -. Goe 142 7It 

AVeRA~G~E"S~----~.C"C"0~6~5~C~6~O--~.""'L~'~~2~1rcr':·6----------------------------------------------------

____ ~p~~~S~~ __ ~.~C,CCC772. .00,16636 
N • l4t 

---------------- --------------~Y~E~C~r~O~RS~N~O~R~"~A~L-.r~O~M~I~R~R~a~.~S~u~.~f7.·C·e----------

[N C'JORCINATES IN Gl06Al COOROINATES 

BCE[~G ·,VERT.WI G , elE YA HON ANGLE- O. DEGREES FRO" VeRT[CA¥4 PLANE AVERAGE 
F AC er 1 .oeOl3300 -._CCC271~4 .99C;99996 .~OOll300 -.99999996 -.C0030348 

-FAC ET l .CCOO8H6 -. 'GOl,018 .999QQ996 .JCCOd106 -.99999997 -.C0027965 
fACET 3 .COOC276\ -.00025,16 .99999997 .0COO2784 -.99999997 -.e0025812 
fACET • -.COOO2762 -.000Z551.1 .99999997 -.OOOOZ76l -.99999997 -.00025814 
fACET 5 -.00008143 -.OOQ2oc30 .99999996 -.00008143 -.QQ999997 -.000Z791>9 
FACEr I> -.00013276 -.",02i;r2 .99999995 -. JOO1l2 76 -.99999996 -.00030533 
fACET 1 -.00013300 -.00027154 .9999q996 -.00013300 -.99999996 -.C0030348 
FAC er B -.eCOCH66 -.00026t16 .99999996 -.00008166 -.99999997 -.00027965 
fACET 9 -.cooc Z78~ -.000255"16 .9Q999997 -.0000l78' -.9H99997 -. OC02581l 
FACETlO .~CC02762 -.OC025Hl .9999H97 .00002762 -.99999997 -.00025814 
Hcell1 .COOC0103 -.CC026630 .99O;~9996 .00008141 -.99999997 -.C0027969 

FACET12 .00013276 -.OCOZ7372 .99999995 .00013276 -.99999996 -.00030533 

AYERAGES , .00000000 -.00026'69 
R~S I .COOCH" .o,~ooc 7Z3 

N - 12 

80EI~G " 15. • ElEYAfIOH ANGLE- 15. DeGREES FRO" VERrICA~ PLANE AVERAGE 
HCET 1 -.000011161 -.00021776 ,q9999997 -.00000761 ~.90598216 .25860000 
FACET 2 -.00005608 -.000Zle58 .99999997 -.00005808 -.96598237 .25857809 
fACET 3 -.OOOllOH -. eOCH 969 .99999996 -.000110'11 -.96598530 .25855746 
HeET • -.00016515 -.OCOZ7lb7 .99999994 -.00016515 -.96599610 .25849068 
fACET 5 -.000Zl760 -.OC030470 '.99999992 -.00021760 -.9660046' .25842469 
fACEr 6 -.OC026757 -.OC031797 .99999990 -.00026757 -.96600807 .25838704 

"FACET 7 .COO·C0161 -.Ct021776 .99999997 .000C0761 -.96598216 .25860066 
.lACET 8 .OC005608 -.COOZle~a .99999'997 .00005808 -.96598237 .l5857B09 
FACET 9 .0001l091 -.OGOfZ989 .9999999b .00011091 -.96598530 .25855146 
fACETlO .COOlbH5 -.0002711:7 .99999994 .00016515 -.96599610 .2584901>8 
fACETll .000Zl160 -.OC030470 .99999992 .00021760 -.96600464 .25842469 
fiCETU .00021>757 -.000317'17 .99999990 .00026757 -.96600807 .2583810, 

AVERAGES , .OOOOOOCO -.OC026CI0 

• "S 
, .00011>429 .OCOO"Ct2 

" ,_~..!,J,L 
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B CE I N' 
F AC ET 1 
FACET Z 
FAC E T 3 
fAC ET ~ 

FAC ET 5 
FAC ET 6 
FACET 7 
FAC ET 8 
fAt ET 9 
FACEHC 
FACHll 
FACET12 

AT 30. 
-.00013249 
-.OOOl79H 
-.00022851 
-.00027871 
-.00032710 
-.00037313 
.000132~9 

• 000179'~ 
.00022851 
.CC027871 
.00C32110 
.00037313 

, ELeVATION 
-.OC015~53 

-.00016560 
-.00019640 
-.C(027310 
-.oe032386 
-.~COHH3 
-.OC015953 
-.eC016560 
-.0001 H40 
-. OCOZ 7 310 
-.00032 386 
-.COOHH3 

.tOOCocoo -.CG024339 

.C00266'Z .CCOG7334 
N • 12 

AN GlE- 30. 
.99~99998 

.99999997 

.99999995 

.99999992 

.99999988 

.99999986 

.9'1'199998 

.99999997 

.999'19995 

.99QQ999Z 

.QQ999988 

.99999986 

DEGREES FRO~ VE~TICA~ PLANE AVERAGE 
-.000132~9 -.86610516 .~99817~1 
-.CCGI79~~ -.86610829 .~9q7839b 
-.00e2l851 -.B6612359 .~99735~0 
-.JOC27871 -.86616192 .~99b5115 
-.0003211C -.B6618729 .~9958161 
-.JOC37313 -.86619617 .~995'716 

.00C13249 -.86610516 •• 99817,1 

.JOC119~~ -.86610829 .,9978396 

.00022851 -.8661l359 •• 99135.0 

.00021871 -.86616192 .~9965115 

.OC~3Z11C -.86618729 .'9~5816l 

.JOe373l3 -.86619617 .~995'116 

3CEI.G ,AT '50 •• , ,iLEVATION ANGLE- 45. DEGREES F~O~ VE~TICA~ PLANE AVE~lGE 
FACil-I----------~-;~C02;;1--b~ -.0C~Cq6"3 .q~9q9qq7 -.JOC2416~ -.70717525 .7C69Zl~9 
FlC H __ ? ________ ::._'-cO.l.ti.i.L...-.gl!..~!J)_I.ti ___ .~9~9~9~q~9~9~9'!-b-------"-'-'.~Q'_!0'_!c_!z~~42~'~Z_ -. N 711.1.Q.' __ ' 7Gb892_~ 
fACeT 1 -.C0032.95 -.CC01546& .99999q9~ -.00032495 -.10721615 .7C6d5159 
FAcET 4 -.CC036830 -.C'02594' .99999990 -.30036830 -.707Z90Z4 .70678166 
-F"-CfT 5 ;;:;-CCO'09qr -.GC032360 .99999986 -.OOC4J991 -.70133571 .7C673696 
FACeT 6 -.GOO~'9~3 -.0003~410 .9999998~ -.OOC4~q'3 -.lQ7350~8 .7C670586 

-- f.CET---7------;cco-Z;;i~.c(,JC9H3 .99999991 .J002H6~ -.7071 HZ5 -~-7C6~Z189-
FAt ET 8 _--,~_QQZ8 HZ -. C~Q 784 .999999_96 • -JOG28 HZ -.70718304 .7C689..?P> 
fiCET 9 .OC03l.95 -.CC01546d .9999999~ .00C32.95 -.707l1615 .7C6d5159 

_f}&E_t!< ____ ...L,.Q.,l19830 -. OC~25948 .999Q9990 .OCC30HO -.7!l1Z90H .701>78766 
FACETll .000'0991 -.00032380 .99999986 .J0040991 -.10733511 .70013696 

__ ~_~CeT:!L ____ . _______ ,COO"~.OC034470 .99'i999H .OCO~~H3 -. 707350~8 .70670586 

AVERAGES I .GOOOOCCO -.OC0214~6 
--- ----R~S'--;-CC035-j41 .0(0.;9077 

N • 12 

----SCEy.;-G--..:1'----;,-O. ,.L'VATION ANGLE- 60. DEGREES FROM VEHIC~LANE lVYI-GE 
~~_ET 1 -.~0335C7 -.a"~"29t8 .q9~9'995 -.00033507 -.50002510 .86586901 

FACeT 2 -.CC0367Gl -.OCVO-~~24~7~2--~.~~~q~q9~9~9~9~4~----------=-L.~0~0~0~3b~10~1---~.L'~0~003812 .86585539 
FACET 3 -.CCO'OCl~ -.CuvlC475 .99999992 -.OOC~COZ4 -.50009011 .86'82955 

--F-'CET 4 -.OCO~3391 -.(COZlOol .99~99ge9 -.OOOHHl -.50G19988 .86518609 
FACET 5 -.CCO~6cC4 -.O~C30~51 .~99.9985 -.OOO~660' -.500Z6369 .86'7~838 

--F.CET--6----=~COC.-.j6~8 -.01;032718 .9999H83 -.JCC4q6~6 -.50028332 .86513371 
FACET 7 .C0033507 -.00002968 .~q99qq95 .~CC33;01 -.50~02570 .66586901 

--F.4CET-8----.C003-b701-=-:-OC004-~72 .99999994 .00036701 -. ;000-38 72 .86585539 
FACET 9 .CC040tH -.COOI0475 .~9999q92 .OOO~OOH -.50009071 .86582955 

--FACETI0 .C0043391 -.GC023C81 .99q99989 .000H391 -.5001H88 .8651S609 
FACETll .C004660' -.00030451 .999q9'i85 .000'6604 -.50026369 .8657'838 

--rAm-I? .C0049H6 -.0003Z718 .99999983 .0004.648 -.50028332 .86;13371 

--AVEI!AGES-,----.CC"D"00~C~O~0,-~-~.,0700~1~1 .. 3 .. 6~1.-----------------------------------------------------
R~S I .CCC42C14 .0(011971 

N • lZ 

8GEING AT 15. L'~EL~E~V~A~T~I~O~N~l~N~G~L~E~-~~7~5'-',~O£E~G~R£E£E~S~F~R~O~~~V~E~R~T~I~C~A~V~~~P~L~A~N~E~A~V~V~I=-~G~E77~ 
-mET!- -.OCOHZ76 .0000'193 .99999992 -.000~lZ16 -.258718H ,96602856 

FACET 2 -.00043321 .OOC~Z359 .q9999992 -.000,3321 -.Z5819626 .96603211 

'V~HGES I .coooooco -.oce12C54 
---·----R~S~,--~.~0~oict~f6~55~9~~.~oyGfctlt3~33fl~--~-------------------------------------------------

frill • l_? 

.----.. ---a-cE"ING--·-'~·HQP:IT~1I1 G , ELE'JATrON ANGLE- qo. OE:GREeS FilO" VERTtCAi/. PLANE AVERAGE 
J_AC.!.f 1 -A"-!1..'!.t47~ ___ ._Q_C01l6CO .q?9~q988 -.OOC47~13 .00011800 .99999988_ 
FACET 2 -.C(04~lC3 .OC0097C6 .99~~q988 -.000~~103 .J00097C6 .99999988 
FACET 3 -LOCO'8736 .OCC01gec .q9~~9~9~9~8~8~-----------~.~00~0~4~a~7~36 .J0001980 .'i9999988 
FACEf4-----:;. D5oi;932Z--~oi-~_;_.;q~H981 - .~oeH3Z2 -.C~OlZ 836 .9999998-1-
F~<;.fL~_.....:. __ -=.Q.9_Q~qll~L --"_._;CC~_~llL..._ • .9_~_9~9Q8' -. ~CC,q_H' -.O';OlO~H .9qq~9985 
FACET 6 -.CC05"79 -.GCellC3a .~"9~9985 -.~OC5J179 -.00021038 .qq999985-
fACET 7 .C0047473 .CCOllSCO .,;q99Q988 .OCC47H3 .00011000 .Q9999988 
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'.:ET 0 .cca'~10] .ccae97C, .9~~99988 .~CC'810i .OCOG97C. .9~q9q988 
F1:.T 9 .ce046736 ."C001,e~O __ ~.9~9~9~9~9~9~8~8~ ______ . ____ ~.~JG048~1~3~6 __ ~.~0~0~0~01980 .9999998. 
F1C.TTc-·· .CC04·'-32T--:-;-c~-OT2836 d99H981 .JCC4H22 -.OCI2636 .99999987 
FACETII .OC049825 -.C~Ol06l4 .999}9985 .00049625 -.C~02J82' .99999985 
FACfflz·--·----.O(;O·S021Q--::.-;·C0023038 .99999985 .00C50279 -.000230'38--. 9999QQa,--

-"'ER'iGES , 
R"S , 

.OCOCOCOO -.COOC5535 
.CCC469b6 .COCI4C.0 

N • 12 

BOEING· ,CASEI,w/O G ,ELEWATION A~GLE' O. oe~REES F~O" VE~TICAV' PLANE AWE~AGE 
FACEfT -.GCCOTGbl .COOI7770 .99999998 -.J00070b2 -.99999999 .CCOln38 

FACET 2 -.00006572 .OCOI73'1 .99999998 -.00008572 -.99999999 .00019]57 
-F.TfT3------~CCoC 9H 7 • COel5 b22 .99999998 -. 000096 47 -.99999999 • 000 18 365 

FACET. -.OCOC9673 .00012C55 .99999999 -.:0009673 -.99999999 .C0015461 
FACET 5 -.00008650 .00al033~ .99999999 -.00008650 -I.oeoooceo .C0013497 
FACET 0 -.ceC07189 .0(0099C8 .99999999 -.00007189 -1.00000000 .C0012269 

-'f'Cu 7 .COOC7002 .0(017770 .99999998 .J00070b2 -.9999.999 .OCOIQ136 
F.CET b .CCCCd5~7~2~-2.~~~C~0+l734~1~~.~9~9~9~9~Q~Q~9~8 _____________ ,.~0~0~0~0~825~7~2 __ =-~.~99~999999 .OC019357 
-FicET-9---~cc'ib"7 .JC"l50<2 .9'1999998 .J00096lt7 -.99999999 :eooI8365" 

FACET10 .COOC9673 .OCOI20~5 .99999999 .00009673 -.99999999 .oe015461 
-"icefl-1------.0COC·S650 .oealJ3Jlt .99999999 .00C08650 -I.oao~oooo .COOI3497 

FleET12 .00007189 .000099C8 .99999999 .00007189 -1.00000000 .ce012Z69 

0,E"6ES' .OCOOOOOO :OC013638 ------ -RiOs-'----:-OOco 6 ili- ; ace J 3 21 o~------------------------·---------------------------
_________ --"" - 12 

-------.6nO<E.I"'~G--.~C~A~S~E~2~,-W~/~G---,~El~t~-cW-.~~TIO~N~A~N~G~l~E~'--~7~0~.~O~E~.~R~E~E~S-~F~~O~~"V~E~'~T~I~C~.~q."~P~l~A~N~E AVERAGE 
FACET 1 -.C0030140 .OCOl1446 .99999991 -.00C301~0 -.3~172'b3 .93984216 

F'ACerz------:;-;-00012.Z5 • C003J 519 .99999993 -.00e22625 -. 3417333~---. 9398Z32lt 
fACET 3 -.000147.. .00027266 .99999995 -.0001474" -.34176391 .939199'7 -,,-.-t ET • -.00006602. 00e2 3767 .99999991 -.0000bo02 -. 3U 19080 .9H77811 
FACET 5 .00001306 .00023318 .99999997 .00C01306 -.34180102 .93977353 
FACET 6 .0000685S .0002322Z .99999997 .00COS8S8 -.34180192 .93977851 
FACET 7 .Ce030140 .OC03144& .99999991 .00030140 -.341724b3 .9398421. 

-"Ae'er 8 .C002Z6ZS .000l0519 .99999993 .00022625 -.lH733H .939823Z' 
FACET 9 .CCOl~~7~4~4~~.~0~C~C~27Z~6~6~~.~9~9~9~9~9~99~5~ __________ ~.~0~0~0~1~'~7~4~4 __ =-~.3~4~1~7~6~3~9~1~-2.~9~3~9~7~9~q~5~7 __ 
FACETIO .OeCOb60l .CC023767 .99999991 .OCOC6602 -.34179680 .93977811 
FACETll -.00Ce130b .00023318 .99999991 -.00001306 -.34180102 .93977]53 
FACET12 -.COOC865. .000Z3222 .99999997 -.00008858 -.3.180192 .93977851 

OVERAGES' -.cooacaao .CCCZ65GO 
___ . __ .. _E~~~QH.!.li..........-_y'CO",C",O~34",C",3 ....... ______________________________________________________ _ 

N • 12 

80EING· ,CASE3,W/O G ,ELEVATION ANGLE- O. OEGREES FRO~ VERTICAV4 PLANE AVERAGE 
FACET 1 -.00028654 .00018CS9 .99999994 -.000Z~654 -.99999999 .00033886 
FACET l -.00026954 .OC017313 .99999995 -.00026954 -.99999999 .00032048 
FACET 3 -.C0025761 .CCJ14tCO .99999996 -.000Z5761 -.99999999 .00029614 
FACET ~ -.00025784 .OC009444 .99999996 -.0002578. -1.00000000 .C0027464 
FACET' -.00027021 .JCOOo728 .99999996 -.000Z7021 -1.00000000 .000Z7864 
FACET 6 -.CCOl8763 .eeOe5986 .99999996 -.00028763 -1.00000000 .00029401 

"-ACET 7 -.C0007206 .Oe014160 .99999999 -.00007206 -.99999999 .0001593' 
FACET 8 -.OC00546~1~~.~0*C*O~I~3;9~1~l ___ .~9~9~9~9~9~9~9~9~ __________ =-~.*J*00*0*5~4~6~1~~-~.~q~98989~~~9~9~9~~.~0~0~0~1~';9~69~ 
FACET 9 -.C00042Z1 .Oe012943 .99999999 -.OCOO'221 -.99999999 .00013620 
FACETI0 -.C0004197 .OC0111~C~0~~.~9~9~9~9~9~9~9~9~ ________ ~-~.~O~0~O~C~4~1~9~7~~-~.~9~9~9;9;9;Y;9~9 __ ~.C~C~O~1~1~8~1~]~ 

-T4t'E~T71i'1--------~.·C0005393 .OC01J128 .99999999 -.00005393 -1.00000000 .OCOllS0~ 
. ..£ .. ~.Hn~ -.CCCC70Q5 ."00ge63 .99~99999 -.00C07095 -I.CO')OOOOO .OeOlll8S 

A;E~AGES J -.COOI6376 .OCOI20~2~1 ________________________________________________________ _ 
-----jI "fl---~CCC1J848 • CCC~365b 
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