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ABSTRACT

This report describes the results of a study of pressure deforma-
tions of spacecraft windows and the angular line-of-sight deviations of
light rays passing through the windows which result from these deforma-
tions. The results of a computer survey of line-of-sight deviations
assoclated with various design parameters are presented. Informatiocn on
the retrieval of the design data from microfilms and Ecmputer tapes is
given.

Window panes are assumed to be originally flat and of uniform thick-
ness. Elliptiecal, rectangular, and trapezoidal window planforms are
considered. Window deformations due to uniform pressure loadings are
summarized for clampea and simply supported edge conditions. Rays enter=~
ing at mesh points of~a one-inch grid on the undeformed window surface are
traced and line-of-sight_deviations are calculated for elliptical, rec-
tangular, and trapezoidal planforms. Plots of mean and root mean square
deviations of light rays for various incidence éngles and incidence planes
are included.

This document reports contours of window deformations (constant
deflection and constant maximum slope) for circular, square, and trape-
zoidal planforms as well as contour plots of constant line-of-sight
deviations.

Studies of single~pane configuration light ray deviations are pre-
sented. These studies show the effects of varying the pane shape,
pressure differential, dimensional scale, pane thickness, edge support

condition. and incidence angle. Results of the studies indicate that

small pressure-differentials, small dimensional scales, large pane
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thicknesses, clamped edge conditions, and low incidence angles all
result in smaller LOS deviations. The trapezogd is the best planform
shape for the single-pane configuratioms.

Studies of double-pane configuration light ray deviations are also
presented. These studies show the effects of varyiné-the pane shape,
pressure environment, pane spacing, edge support conditions, incidence
angle, and the theory used in prediction of deformations. Results of
these studies indicate tﬁe pfessure environment, pane-spacing, and edge
support conditions giving the smallest LOS deviations for the circle and
square are different than those for the trapezoid. Low incidence angles
result in better characteristics for all configurations. Considering
large deflection effects results in smaller deviations while including
shear deformations has no significant effect. The circle has the best

characteristics of double-pane configurations.
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Section 1

INTRODUCTION

Celestial navigation sightings taken through spacecraft windows
deformed by pressure differentials are subject to errors. One source of
these errors is window induced line-of-sight deviations caused by window
deformations. The purpose of this study is to provide the pressure de-
formation char;cteristics and line-of-sight deviations for a varilety of
window shapes and loadings. The data are intended to assist inr develop-
ing and evaluating various window designs by defining the magnitudes of
the line-of-sight errors associated with window deformations.

This study involves the analytical determination of spacecraft window
surface deformations and line~of-sight deviations due to in-flight pressure
environments for eight different window planforms with clamped or simply
supported edge conditions. Both single and double pane window configura-
tions are analyzed. Planform geometry, number of panes, pane thickness
and spacing, pressure differentials, and edge fixity are parametric
variables in the study.

Section 2 of this document describes the technical approach to
development of the design data. It defines the problem, the assumptions
employed, the method of solution, and the analysis plan. The third
section summarizes the design data obtained. The fourth section presents
results of studies of the design data. The last section gives concluding

remarks.



Section 2

TECHNICAL APPROACH

The ability to predict the deviations of lines-of-sight regardless
of which area of the window surface is used is of primary importance in
correcting observations made through window systems. A good window
system {outside of onme having no deviations) is the one for which correc-
tions to the line-of-sight observations are small and constant over the
surface of the window. Thus, if the deviation values for individual
points of the window system differ very little from the mean deviation
value (as measured by the rms deviation value) and if the mean deviation
value is fairly constant over the.surface of the window system, the win-
dow can be considered to have good optical qualities when used for navi-
gation sightings.

The analyses to detgrmine window deformations and line-of-sight
deviations are performed for a variety of window configurations, pressure
differentials, and line-of-sight orientations. It is assumed that the
surfaces of the glass panes are flat and parallel prior to imposing pres-
sure differentials. The window glass for all configurations is Corning
Giass, Code Number 7940, fused silica.

The windows of this study involve eight planforms: thre; elliptical,
three rectangular, and two trapezoidal. The planforms are shown in
Figure 1. Hereafter, individual planforms will be referenced by their
respective titles in this figure (e.g., circle a, trapezoid g, etc.).

The numerical resulte required are the information to determine
surface deformations and deviations of the rays traced through the glass

and pressure medfia. The deformation quantities required at specified
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locations on the window surface are defined in Figure 2, These quantities
are the displacement, AZ, and the components of the slope in the XZ and
YZ planes, the angles 'sz and ﬁsz respectively, These quantities are
developed using two computer programs, Small deflection deformatious

for the elliptical and rectangular planforms are calculated by exact

solutions employing thin plate theory and using the computer program

described in Ref, 1. This computer program also quantifies the large
deflections and shear deformations of rectangular plates using approximate
solutions. Deformations for trapezoidal shapes are found using the
Structural Analysis and Matrix Interpretative System (SAMIS).(z’B’é)*
SAMIS employs the finite element approach in obtaining solutions.

As rays of light pass through the pane(s) of glass and the surrounding
media, they are refracted. The amount‘of refraction is a function of the
indices of refraction of the media and the incidence angle of the ray in
each media interface. White and Gradeberg(s’s) give the details of the
equations necessary to determine the path of the refracted light ray.

Exact solutions of these equations are obtained by tracing the ray
geometry through thé window system. These equations are particularized
and solved by the‘computer program as described in Ref. 1.

The ray tracé data required of this study consist of identifying
the position and orientation of the incident ray, the location of the
exiting (deviated) ray, the difference in the orientation of the incident

and deviated rays, the angle, 6@ , between these two rays, and the

orthogonal components of the angle between the two rays,

* Numbers in parentheses indicate references at end of report.
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Two groups of window configurations-are examined in the study. The
first group consists of single-pane window configurations. The second
group consists of double~-pane window configurations.

Each configuration of both groups is analyzed for line-of-sight
deviation due t; refraction. The incidence angles, inéidenqe planes,
and locations on the interior surface of the window configuration are
specified in the following paragraphs.

(1) In Figure 5, the orientation of the plane of incidence and the
angle of incideyce is shown. Each ray is traced for six incidence angles
(00, 150, 300, 450, 600, and 75°) in each of eight planes of incidence

O o o o’

(07, 457, 907, 1357, 1800, 225°, 270°

, and 315%).

(2) Line-of-sight deviations are determined for light rays inci-
dent on the interior window surface at the intersections of a one-inch
grid network parallel to‘the X and Y axes of Figure 3.

For both groups of window configurations, surface deformations and
line-of-gight deviations are obtained for two window frame edge conditions:
clamped and simply‘supported} The clamped edge condition assumes the
window frame has no distortion due to the pressure differential and the
slope of the glass surface at the window frame edge is unchanged from
its original undeformed value. fhe simply supported edge condition
simulates support of the window pane by a knife edge which permits rota-
tion but no 1aterai deflection due to the pressure differential. Thus,
the slope of the glass pane at the edge is a function of the structural
characteristics of the glass and the pressure loading. When analyzing
the double-pane configurations, the edge condition is the same for both

panes.
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Table 1 summarizes the parameters for the single-pane configuration
group. Each planform in a set of brackets of the first column of the
table is analyzed for every combination of parameters in the brackets
on the same line of the table. Thus, each planform from the first set
of brackets is analyzed in 6 configurations; those from the second and
third set of brackets in 12 configurations. Therefore, there are a
total of 120 configurations in the group of single-pane window con-
figurations, The values in the column labeled "Pimensional Scales
are the factors by which the dimensions of the planforms of Figure 1
are multiplied to change the size of the window planform. Forx each of
these configurations, the surface deformations and line-of-sight deviations
are determined,

Figure 4 shows the arrangement oé the glass panes in the group of
double=-pane windoﬁ configurations. This group of configurations intro-
duces the pane spacing dimension, W, as a design parameter. Study
of the double-pane-window systems also inciudes evaluation of the effect
of changes of the:éheory used to predict deformation.

Table 2 summarizes the study parameters for the double-pane con-
figurations., These configurations are analyzed for an interior pressure,
Pl’ of 5.2 psia and exterior pressure, P3, of zero psia., The interstitial
pressure, PZ’ is sﬁecified in the table, Surface deformations and line-
of-gight deviations are determined for each of the 180 configurations

involving double-pane windows.

In addition to the above, analyses are made on single-pane window
configurations of circle a, square d, and trapezoid g (of Fig. 1), with
pane thicknesses of 0.3 inch, This yields data for constant maximum

slope contour plots. Analyses are also made on double-pane configurations



Table 1

Single-Pane Configurations

Total
Dimensional Pane Edge Pressure Number of
Planforms Scales Thicknesses Conditions Differentials Configurations
Circle a .
Ellipses b, c Clamped AP =5 psia _ 48
Square d 1 § 1.0} 1 {.3" 2 :Simply } 3{ AP = 10 psia
Rectangles e, f Supported AP = 15 psia
Trapezoids g, h
Circle a Clamped AP = 5 psia
Square d 2).75 1 {.3"} 2 {Simply } 3 {AP = 10 psia 36
Trapezoid g 1.5 Supported AP = 15 psia
Circle a Clamped AP = 5 psia
Square d 1 11.0} 21\ .8" 2 {Simply } 3 (AP = 10 psia 36
Trapezoid g 1,2v Supported AP = 15 psia
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Figure 4. Schematic Sketch of Double-Pane Configuration
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11

Planforms

Circle a
Square d
Trapezeid g

Square d
Rectangle e
Rectangle £

Square d
Rectangle e
Rectangle f

Dimensional

Scales

: {1.0}

Table 2

Double-Pane Configurations

Pane Pane Edge Pressure Deformation
fhicknesses  Spacings Conditions Environment Theoxy
‘ 1 } .25" Clamped P, = 7.5 psia
14.3" 4) 5" 2 | Simply 3 - Small
1.0" Supported ) 10 psia
2.0" P, = 15 psia
{ } } Clamped P, = 7.5 psia
14.3" 1!1,0" 2 { Simply 3 Large
{ Supported P2 10 psia
P2 = 15 psia
{.3" } { } Clamped P, = 7.5 psia
34.6" 141.0" 2 ¢ Bimply 3 _ Shear
1,2" Supported P2 = 10 psia

15 psia

Total
Number of

Configurations

72

54

54



of square d and rectangles e and £ for small deflection theory. These

data are used for comparison with large deflection and shear deformation

data.
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Section 3

DATA SUMMARY

The data obtained from the analyses deséribed in the previous
section are divided into two categories: pressure deformations and line-
of-gight deviations. Pressure deformation data are developed to provide
information on the deformed window for determining the line-of-sight
deviations. The line-of-sight deviations are classified by the number
of panes as single-pane or double-pane configuration deviations. There
are a total of 300 different configurations: 120 single-pane and 180
double-pane.

The line-of-sight deviations generated by the ray trace analyses of
the window configurations described amount to a vast accumulation of data.
There are from 25 to 175 points on the interior window surface of each
configuration for which line-of-sight deviations are determined. Since
there are 300 configurations and each-ray is traced for six incildence
angles and eight orientations of the incidence plane, the data for
approximately 1.5 million ray traces are genefatéd.

The resultiné‘data are stored on computer magnetic tape and on
microfilm cartridges. Each of the configurations is assigned an identi-
fying "retrieval number." The number appears in the upper left-hand
corner of each frame of microfilm and at appropriate locations on the
computer tape to enable retrieval of the data. Table 3 shows the re-
trieval number assignment, the microfilm cartridge aumber, and the com-
puter magnetic taﬁe number for the window configurations of this study.
For completeness,Athe table alsc contains a breakdown of the parameters

of the study.
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71

Table 3

Configuration Analyses Performed

Retrival Dimensional  Number Pane Pane Edge Pressure Deformation Microfilm Computer
Number Flantorm Scale of Panes Thickness Spacing Fixicy Environment Theory C;rtridge Magnetic
umber Tape Number
1-6 Ellipse b 1.0 1 3 NA Both 5,10,15 Small 003 00053
7-12 Ellipse ¢ 1,0 1 .3 NA Both 5,10,15 Small 003 00053
13-18 Rectangle e 1,0 1 .3 Na Both 5,10,15 Small 003 00053
19-24  Rectangle f 1.0 1 .3 NA Both 5,10,15 Small 004 01584
25-30 Trapezoid h 1.0 1 .3 NA Both 5,10,15 Small 004 01584
31-48 Circle a +75,1.0,1,5 1 .3 NA Both 5,10,15 Small 00s 00091
49-66 Square d «75,1.0,1.5 1 .3 NA Both 5,10,15 Small 006 01583
67-84 Trapezoid g .75,1.0,1,5 1 +3 NA Both 5,10,15 Small 007 -008 03414
85-90  Circle a 1.0 1 .6 NA Both 5,10,15 Small 009 02369
91-96 Square d 1.0 1 .6 NA Both 5,10,15 Small 009 02369
97-102  Trapezoid g 1.0 1 .6 NA Both 5,10,15 Small 010 01584
103-108 Circle a 1.0 1 1.2 NA Both 5,10,15 Small 009 02369
109-114 Square d 1.0 1 1.2 NA Both 5,10,15 Small Q09 02369
115-120 Trapezoid g 1.0 1 1,2 NA Both 5,10,15 Small 010 01584
121-144 Circle a 1.0 2 +3 .25,.5,1.0,2.0 Both 7.5,10,15 Small 011 02711
145-168  Square d 1.0 2 .3 +25,.5,1.0,2,0 Both 7.5,10,15 Small ol2 02818
169-192  Trapezoid g 1.0 2 .3 +25,.5,1.0,2,0  Both 7.5,10,15 Small 013.014 03431
193 Circle a 1.0 1 o3 Na Clamped 10 Max/Min 015 00262
194 Square d 1.0 1 .3 NA Clamped 10 | Max/Min 015 00262
195 Trapezoid g 1,0 1 .3 NA Clamped 10 Max/Min 015 00262
196-213  Square d +75,1.0,1.5 2 .3 1.0 Both 7.5,10,15 Large 016-017 14229
214-231 Rectangle e «75,1,0,1.5 2 «3 1.0 Both 7.5,10,15 Large 018-019 02587
232-249  Rectangle f +75,1,0,1.5 2 3 1.0 Both 7.5,10,15 Large 020-021 02571
250-267  Square d 1.0 2 +3,.6,1.2 1.0 Both 7.5,10,15 Shear 022 02723
268-285 Rectangle e 1.0 2 +3,.6,1,2 1.0 Both 7.5,10,15 Shear 023 04010
286-303 Rectangle £ 1.0 2 «35.6,1,2 1.0 Both 7.5,10,15 Shear - 024-025 09147
304 Not used

305 Square d 1.5 . 3 1.0 Clamped 10 Small 015 00262
306 Rectangle e 1.5 2 .3 1.0 Clamped 10 Small 015 . 00262
307 Rectangle £ 1.3 2 .3 1.0 Clamped 10 Small ‘015 00262
308 Square d 1.0 2 1.2 1.0 Clamped 10 Small 015 00262
309 Rectangle e 1.0 2 1,2 1.0 Clamped 10 Small 015 00262
310 Rectangle £ 1.0 2 1.2 1.0 Clamped 10 Small 015 00262



The mean ‘and root mean square (rms) of the line-of-sight (LOS)
deviations for all points on the window surface except those within one
inch of the window boundary are also calculated by the computer program
of Ref. 1. The mean and rms deviations are obtained for each incidence
angle and orientation of the incidence plane (hereafter termed the plane
angle). These summation data are used to characterize the optical effects
of the various window configurations.

The pressure deformation data for all the configurations are con-
tained on microfilm cartridge number 001. The summation data are con-
tained on cartridge nuwber 002. Neither the pressure deformation data
nor the summation data were stored on computer magnetic tape.

The microfilmed data and ‘information on thé retrieval of data from
the computer tapes afé available for review at the NASA Ames Research

Center, Moffett Field, California.
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Section 4

RESULTS

This section of the report reviews deformation and light ray devia-
tion data from the analyses of selected window configurations. These
reviews were performed to evaluate the optical performance of various
window configurations as a function of the study variables. The data
presented in this section deal primarily with the mean and rms deviation
values and gcw the mean deviation value varies as a function of the plane
angle.

More detailed information concerning the line-of-sight deviations
of the windows is available in the microfilmed data and the data stored
on computer tapes.

In the followiné subsections, characterisgics of the deformations
of certain window configurations are presented. Subsequent subsections
present parametric studies for the siugle-pane.ﬁnd theAgggble-paﬁe con-

figurations.

Pressure Deformation Data

The pressure deformation data presented in the first portion of this
subsection results from analyses performed on single-pane configurations
of circle a, square_d, and trapezoid g. In the latter portion, deforma-
tion data for double-pane configurations of square d and rectangle f are
presented. These data show large deflections and shear deformation
effects for the plan forms. .

The parameter values used in the single-pgne configuration analyses
were a pressure differential of 10.0 psia, a dimensional scale of 1.0,

a pane thickness of 0.3 inch and clamped edge conditions.
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Contours of constant deflection are shown in Figs. 5, 6, and 7 for
circle a, square d, and trapezoid g, respectively, FEach of these
figures demonstrates the regularity of the deflectiom contours

of each of the planforms, WNear the center of the planforms, the surface
deforms into spherical shape (exactly spherical for circle a).
Proceeding outward toward the boundaries, the contours begin to

assume the shapes of the boundaries,

To use these data for other pressure loadings and different
window parameters, scal}ng may be used. Thus, to find the magnitude
of the deflection for a pressure loading other than 10.0 psia, simply
multiply the deflections given by the ratio of the new pressure to
10.0 psia. To determine the deflections for windows of other thicknesses,
multiply the given deflections by the cube of the ratio 0.3 to the new
thickness measured in inches.' To determine the deflections of windows
of the same shapes but different sizes multiply'the deflections by the
fourth power of the ratio of the new size to the current size. To
determine the deflections of the windows when the glass has elastic
properties different from the fused silica glass, multiply the
deflections by the ratio of 10.776-106 to E/(l-vz) (where E is Young's
modulus of elasticity measured in psi and v is Poisson's ratio) of the
new glass,

More meaningful information to aid in interpreting the line-of-
sight deviation data is provided by contours of constant maximum and
minimum slopes. Constant maximum slope contours are plotted in Figs.
8, 9, and 10 for the three window shapes., The parameters used in
obtaining the data for these figures are the same as for the constant

deflection contour plots. The slopes are measured in radians.
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Figure 8, Contours of Constant Maximum Slope - Circle a
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Figure 9. Contours of Constant Maximum Slope - Square d
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The maximum slopes occur at angles orthogonal to thg contours of
equal deflection (since these are the directions of the largest
gradients). The minimum slopes occur at angles orthogonal to the
maximmn slopes(7) and are thus parallel to the contours of equal
deflection. Therefore, the minimum slopes are zero everywhere.
Consequently, contours of constant minimum slope are mot presented.

Figure 8 indicates that the areas of least maximum slope (and,
hence, least LOS deviations) occur near the center and edges of circle
a. Figures 9 and 10 indicate similar areas for square d and trapezoid
g. The closed contours of Figs., 9 and 10 which do not enclose
other contours (or-éhe-center) would Ygrow togeéher" to form two
closed contours ié the pressure differentials on the window panes
were increased.

These last three figures indicate that the areas of smallest
angular change (th¥ough which sightings can be made) for circle a,
square d, and trapezoid g are the areas surrounding the center of
the planforms.

Figures 11 an& 12 present deflection curves predicted using large
deflection theory for square d and rectangle f in double-pane con-
figurations. The values of the %arameters used in the analyses were
an interior prea;ure of 5.2 psia, an interstiéial pressure of 10.0
psia, an exterilor pressure of zero psia, a dimensional scale of 1.5,
plane thicknesses of 0,3 inch, a pane separation distance of 1.0 inch,
and clamped edge conditions. The deflection curves shown in the
figures are those'of the outer panes, The deflections are plotted

as functions of the x~coordinate for constant values of the y-coordinate.

Three such curves are presented in each figure. Both figures indicate
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that the maximum deflection occurs at the center of the window with
& monotonlic decrease in magnitude with an increase in either of the
two coording;es.

Also plotted on Fig, 11 are the deflection curves obtained using
small deflection theory. These curves indicate that the resulting
deflections are slightly larger than the deflections obtained using
large deflection theory. The difference in the two curves is not
very large and can only be observed over the area of largest deflections
(due to plotting limitations). Similar results can be anticipated

| -3

for the deflections of 'rectangle £. '
Figures 13 and 14 present deflection curves predicted taking
into account shear deformations for square d and rectangle £ in double=-
‘pane configurations. The values of the parameters used in the
analyses were an interior pressure of 5.2 psia, an interstitial
pressure of 10.0 psia, an exterior pressure of zero psia, a dimensional
scale of 1.0, pane thicknesses of 1,2 inches, a pane separation
distance of 1.0 inch, and clamped edge conditions. The deflection
curves shown in the figures are those of the outer panes. The de-
flections are plotted as functions of the x-coordinate for comstant
values of the y-coordinate., Three such curves are presented in each .
figure. Both figures indicate that the maximum deflection occurs at

the center of the window with a monotonic decrease in magnitude with

an increase in either of the two coordinates.

For these particular configurations, the difference in deflections
with and without shear deformations is so small that the two curves

coincide when plotted, Thus, it is concluded that the inclusion of

27



8z

.20°10"

.16°10°

.12°10°

.08°10°

Deflection in inches

L0440 107

Fiéure 13. Deformation Curves for Square d with Shear Deformation Included _

2

3 4

x coordinate in inches

A




periggtion in inches

. 75,. 10-4 .

Ly=017

.60°10"

451074 ' . ' \\\\
' ygzu;

-30-107% ~ \

—

y=3"
.15-107% Az

0 2 4 6 8 10 12

x coordinate in inches

Figure 14. Deformation Curves for Rectangle f with Shear Deformation Includec



shear deformation terms in the prediction of deformations has a negligible

effect on the magnitude of the deformations.

L0OS Deviation Data

Single-Pane Configurations.; The ray trace data in this subsection

present the effects of various parameters on LOS deviations. The param-
eters to be varied are given im Table 1. For a given window planform
nominal values of the parameters are a dimensional scale of 1.0, a pane
thickness of 0.3 inch, a pressure differential of 10.0 psia, incidence
angles of 30° end 600, and clamped edge conditions.

For each of the parametric atudies of single-pane configurations,
. the data for each parameter are presented in the form of mean and rms
deviation curves as a function of the plane éngle {i.e., the orientation
of the plane in which the incidence angle is measured). These curves
are presented for ‘incidence angles of 30° and{60°, except In the study of
incidence angle varistion. For this study, the curves are presented for

o, 450, 600,-and 75°. 1In general, these curves

incidence angles of 150, 30
are gymmetric about either one or three plane angles depending om the
number of axes of symmetry in the window planform studied. The curves
for elliiptical and rectangular planforms are symmetric about plane angles
of 900, 1800, and 270°. Those of the trapezdfdal shape are symmetric
only sbout a plane hngle of 180°.

In addition, the parameter variations iﬁvestigated are ranked in
three categories: mean deviation values, rms deviation values, and how
the mean deviation values vary over the range of plane angles (mean value

variation). By summing the rankings in the three categories, an overall

measure of the window system's effect on LOS deviations is obtained. ILow
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values for this window ranking indicate better window systems. Since
the rms deviation values and the mean value variation are. more important,
their rankings are weighted by a factor of two in the sum.

The effect of varying the shape of the window pane in a single-
pane configuration is determined by studying the data presented in Figs.
15 through 22. The data resulting from analyses of circle a, square d,
and trapezoid g with the nominal parameter values are shown in Figs. 15
and 16. Figures 17 and 18 present the data for similar analyses of
circle a and ellipses b and ¢, Figs. 19 and 20 data for square d and
rectangles e and £, and Figs. 21 and 22 data for trapezoids g and h.

The results of studying the curves of these figures are summarized
in Table 4. This table gives the rankings for the eight planforms studied.
This table indicates that trapezoid h has the best ranking of the eight.
Even though it has almost the highest mean deviation values, the.variance
of the deviations is the least and it also has one of the lowest variations
in the mean deviation values over the range of plane angles.

The effect of variations in the pressure differential across the
window pane is determined by a study of Figs. 23 through 28. The
analyses to obtain the data presented in these figures were performed‘
for the nominal values of the parameters and additional pressure diffef-
entials of ‘5.0 and 15.0 psia. Figures 23 and 24 present the data for
square d, and Figs. 27 and 28 the data for trapezoid g.

The curves of these figures show that the mean and rms deviation
values and the mean variations over the plane angle all increase with an

increase in the magnitude of the pressuré differential. Thus, it is
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Circle 2

Ellipse b
Ellipse ¢
Square d

Rectangle
Rectangle
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Trapezoid

"~ Rankings for Variation of Pane Shape/ .

Table &4 .

Mean Value RMS Value Mean Value Variation Qverall Ranking
1 16 2 19
3 12 14 29
2 8 16 26
5 14 8 27
4 6 10 20
6 10 12 28
8 4 6 18
7 2 4 - 13
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concluded that the smallest pressure differential will result in smaller
LOS deviations for the single-pane window configurations studied. This
‘is because the smaller pressure differentials result in smallef deflec~
tions and thus less variation in the slope of the window surface.
Variations in the dimensional scale (i.e., the size of the window
planforms of Fig. 1) are studied using the data shown in Figs. 29 through
34. 1In addition to the nominal parameter values, the analyses performed
to obtain the data for these figures used dimensional scales of (0.75 and
1.5. Figures 29 and 30 present the data for circle a, Figs. 31 and 32
the data for square d, and Figs. 33 and 34 the data for trapezoid g.
Rankings for the nine sizes of planforms investigated in this study
are given in Table 5. The overall rankings indicate that square d with
a dimensionsl scale of 0.75 (i.e., a square 9.3 inches on a side) has the
best characteristics: This square has the second lowest mean deviation
" values and mean valqe variations over the range of plane angles and the
third lowest rmé deviation values.
The effect of variations in the pane thickness is presented in Figs.
35 through 40. The analyses leading to the data in these figures were
performed for pane thicknesses of 0.6 and 1.2 inches, in addition to the
nominal parameter values. Figures 35 and 36 present the data for circle
a,'Figs. 37 and 38 the data for square d, and Figs. 39 and 40 the data
for trapezoid g.
Rankings for the nine configurations investigated inm this study are
given in Table 6. The overall rankings indicate that square d with a

pane thickness of 1.2 inches has the best characteristics. This square
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Table 5

Rankings for Variation of Dimensional Scale!

Dimensional Mean Value
Planform Scale Mean Value RMS Value Variation Overall Ranking
Circle a 0.75 4 8 6 18
Circle a 1.0 1 12 2 15
Circle a 1.5 9 18 10 37
Square d 0.75 2 6 A i2
Square d 1.0 3 10 16 29
Square d 1.5 .7 16 18 41
Trapezoid g 0.75 5 2 . 8 i5
Trapezoid g 1.0 6 4 14 24
Trapezoid g 1.5 8 14 12 34
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Planform
Circle a
Circle a
Circle a
Square d
Square d
Square d
Trapezoid g
Trapezoid g

Trapezoid g

Renkings for Variation of Pane Thickness

Pane
Spacing

0.3"
0.6"
1.2%
0.3"
0.6"
1.2"
0.3"
0.6"

1.2"

Table 6

Mean Value  Qverall

Mean Value RMS Value Variation Ranking
1 16 2 19
3 10 2 15
5 4 2 11
2 14 6 22
4 8 2 14
6 2 2 10
9 12 4 25
7 6 2 15
8 4 2 14
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has one of the higher mean deviation valuesl but the lowest rms deviatiom
values and variations in the mean values.

Effects of varying the edge support conditions are studied by con=-
sidering the data presented in Figs. 41 through 46. In addition to the
nominal parameter values, the analyses performed to obtain the data of
these figures used simply supported edge conditions. The.data for circle
a are presented in Figs. 41 and 42, for square 4 in Figs. 43 and 44, and
for trapezoid g in Figs. 45 and 46.

Table 7jpresents the rankings for the six configurationg’ investigated
in this study. The overall rankings indicate that trapezoid g with
clamped edge conditions has the best charac;eristics. While the mean
deviation values for this configuration are not very low it has the lowest
rms deviation values and one of the lowest variations in the mean values.

The effect of vériations in the incidence angle is studied using the
data presented in Figs. 47 through‘ﬁz. The analyses from which these
data were obtained were performed using the nominal parameter values.
Figures 47 and 48 present the data for circ1e a, Figs. 49 and 50 the
data for square d, and Figs. 51 and 52 the data for trapezoid g.

The data of these figures indicate that the LOS deviations increase
with an increase in the angle of incidence. This is true for all three
statisticaf’measures of the LOS deviations. From this, it is concluded

that observations should be made at as low an incidence angle agﬁbracticdble.

Several general conclusions may be drawn based on the above studies

of single-pane configurations:
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Table 7

Rankings for Variation of Edge Support Condition

Mean Value Qverall

Planform Edge Condition Mean Value RMS Value Variation Ranking
Circle a Clamped 1 12 2 15
Circle a Simply Supported 6 8 2 16
Square d Clamped 3 10 6 19
Square d Simply Supported 2 6 8 16
Trapezoid g Clamped 4 2 4 10
Trapezoid g Simply Supported 5 4 6 15
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1. The best window rankings cccur for low incidence angles, small

pressure differentials, and clamped edge conditioas,

2. The studies of variations in the dimensional scale and pane
thickness indicate the smallest and thickest windows have the

best ranking.

3. Small pressure differentials, clamped edge conditions, small
dimensional scales, and large pane thicknesses all tend to
decrease the deflections of the window. This in turn causes
less variation in the slopes and results in less deviation of

lines-of~gight through the window.

4. The best planform shape is trapezoid h. In fact, the trap-
ezoidal shape is better in general tham either the elliptical
(circular) or rectangular (square) shapes.

.,_Double-Baneﬂcbnfigggations.- The design data studied in this sub-

section results from analyses performed on circle a, square d, rectangles
¢ and f, and trapezoid g uging certain nominal parameter vélues. These
values consist of an interior pressure (Pl) of 5.2 psia, an-interstitial
pressure (Pz) of 10.0 psia, an exterior pressure (P3) of zero psia, a
dimensional scale of 1.0, pane thicknesses of 0.3 inch, a pane separation
distance of 0.5 inch, and clamped edge conditions., The data for the double-
pane configurations are presented in a form siﬁilar tc that used for the
single-pane configﬁrations.

The effect of varying the shape of the panes in a double-pane con-

figuration is studied using the data presented in Figs. 53 and 54.
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These figures show the mean and rms deviations for circle a, square d,
and trapezoid g as functions of the plane angle.

Table 8 gives ghe performance rankings for the three shapes considered
in this study. This information indicates that circle a has the best
characteristiecs in a double-pane configuration. It has the lowest mean
deviation values, the second lowest rms deviation values, and the least
variation in the mean deviation values.

The effect of variations in the presgure environment is determined
by a study of Figs. 55 through 60. The analyses to obtain the data pre~
sented in these figures were performed for the nominal parameter values
and additional interstitial pressures (Pz) of 7.5 and 15.0 psia. Figures
55 and 56 present the data for circle a, Figs. 57 and 58 the data for
square é, and Figs. 59 and 56 the data for trapezoid g.

Rankings for the nine configuratioms of pressure enviromments
investigated in this study are given in Table 9. The data in this
table indicate that for cirecle a and square d the smallest interstitial
pressure results in the best optical performance. Variations of the
pressure environment for trapezoid g has no effect on the characteristics
of the window.

Variations in the pane spacing value (i.e., the distance between
the two panes of glass) are studied using the data shown in Figs. 61
through 66. In addition to the nominal parameter values, the analyses
. performed to obtain the data for these figures used pane spacing values
of 0.25, 1.0, and 2.0 inches. Figures 61 and 62 present the data for

circle a, Figs. 63 and 64 the data for square d, and Gis. 65 and 66 the

data for trapezoid g.
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Table 8

-' ...., iRapkings for Variation of Pane Shapes-.

Shape Mean Value RMS Value Mean Value Variation Overall Ranking
Circle a 1 4 2 . 7
Square d 2 2 4 8
Trapezoid g 3 6 6 15
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Rankings for Variation of Pressure Environment

Table 9

Mean Value

Planform P2 (psia) Mean Value RMS Value Variation Overall Ranking
Circle a 7.5 1 6 2 9
Circle a 10.0 3 10 4 17
Circle a 15.0 6 12 6 24
Square d 7.5 2 2 8 12
Square d 10,0 4‘ 4 10 18
Square d 15,0 5 6 12 23
Trapezoid g 7.5 3 14 14 34
Trapezoid g 10.0 6 14 14 34
Trapezoid g 15.0 6 14 14 34
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Rankings for the twelve conf{gurations of phne spacings investigatéd
are given in Table 10. The rankings indicate that circle a with a pane
spacing of 0.25 inch has the best characteristics. This circle has the
lowest mean deviation values, the third lowest rms deviation values, and
the second lowest mean value variations. The table also indicates that
the spacing of 0.25 inch gives the best characteristics for square d and
that of 0.5 inch the best for trapezoid g.

Effects of varying the edge support conditions are studied by con-
sidering the data presented in Figs. 67 t#rough 72. 1In addition to the
nominal parameter values, the analyses performed to obtain the data of
these figures used simply supported edge conditions. The data for circle
a are presented in Figs. 67 and 68, for square d in Figs. 69 and 70, and
for trapezoid g in Figs. 71 and 72.

Table 11 presents the rankings for the six configurations investi-
gated in this study. The data in this table indicate that for circle a
and square d the clamped edge conditions give better ranking than the
simply supported edge conditioms. For trapezoid g, simply supported
edge conditions produce the better ranking.

The effect on window optical performance of variations in the
incidence angle is studied using the data presented in Figs. 73 through
78. The analyses from which these data were obtained were performed
using the nominal parameter values. Figures 73 and 74 present the data
for circle a, Figs. 75 and 76 the data for square d, and Figs. 77 and 78

the data for trapezoid g.
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Planform

Circle
Circle
Circle
Circle
Square
Square
Square

Square

Trapezoid g
Trapezoid g
Trapezoid g

Trapezoid g

a

a

d

Table

10

Rankings for Variation of Pane Spacing

Pane Mean Value  Overall
Spacing Mean Value RMS Value Variation Ranking
0.25" 1 6 & 11
0.5" 2 8 6 16
i.0" 5 12 2 19
2.0" 10 14 12 36
0.25" 3 2 8 13
0.5" 4 4 14 22
1L.o0" 6 10 10 26
2.0" 11 22 22 55
0.25" 9 18 18 43
0.5" 7 16 16 39
i.0" 8 20 20 48
2.0" 12 24 24 50
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Table 11

‘Rankings for Variation of Edge Support Conditions

Mean Value OQOverall

Planform Edge Condition Mean Value RMS Value Variation Ranking
Circle a Clamped 1 . 8 4 13
Circle a Simply Supported 6 6 2 14
Square d Clamped 2 4 6 12
Square d Simply Supported 4 2 8 14
Trapezoid g Clamped 5 12 10 27
Trapezoid g Simply Supported 3 10 12 25
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The data of these figures indicate that the 10S deviations increase
with an increase in the angle of incidence. This is true for all three
statistical measures of the LOS deviations. From this it is again con-
cluded that observations should be made at as low an lncidence angle as
practicable.

The effect on line-of-sight deviations of including large deflec-
tion effects in the prediction of deformations is studied by considering
the data presented in Figs. 79 through 84. The analyses from which the
data of these figures were obtained used the nominal parameter values
with the exceptions that a dimensional scale of 1.5 rather than 1.0 and
a pane separation distance of 1.0 rather than 0.5 inch were used.

Figures 79 and 80 indicate that the mean deviation values, the rms
deviation values, and the variations of the mean values are smaller for
square d when large deflection effects are included in the prediction of
deformations. This is because large deflection effects reduce the total
deflections, thus reducing the variations in the slope of the window sur-
face. This in turn reduces the amount of line-of-sight deviation. The
small differences in the magnitudes of the deflections calculated using
small and large deflection theory result in larger differences in the
amount of light ray deviations. The differences are further exaggerated
by the fact that the light ray passes through two window panes each of
which has small differences in deflection magnitudes.

Figures 81 and 82 show that the difference between the large and
small deflection cases are even more pronounced for rectangles e and f.

The curves of these figures are presented for an incidence angle of 60°.
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Figures 83 and 84 indicate that the total line-of-sight deviations
along either axes of square d are smaller when large deflection effects
are included. The curves of these figures are presented for a plane

" angle of 270°.

The effect on line-of~sight deviations of including shear deforma-
tion effects in the prediction of deformations is studied by cousidering
the data presented in Figs. 85 through 90. The analyses from which the
data of these figures were obtained used the nominal parameter values with
the exceptions that pane thicknesses of 1.2 inches rather than 0.3 inch
and a pane geparation distance of 1.0 inch rather than 0.5 inch were
used.

Figures 85 and 86 indicate that while the mean deviation values,
the rms deviation values, and the variations of the mean values are
smaller for square d when shear deformation effects ére included in the
prediction of deformation, the difference is insignificant. Figures 87
and 88 which presént curves for an‘incidence angle of 60° indicate the
same holds true for rectangles e and £, Figures 89 and 90 indicate that
the difference between including and excluding shear deformation effects
has no significant effect on the total deviations along either axes of
square d. The curves of these two figures are present for a plane angle
of 270°.

Constant line-of-sight deviation contours are presented in Figs.
91, 92, and 93 for circle a, square d, and trapezoid g, respectively.
The analyses from which the data were obtained used the nominal parameter

values. The contours are shown for a incidence angle of 60° and a plane

116



L11

Mean Deviation (seconds)

48

40

32

24

16

Small Deflection, i = 60 \

[Shear Deformation, i = 60

Small Defiection, i = 30 1

Shear Deformation, i = 30° -/

0 45 90 135 130 225 270 ' 315

. Plane Angle (degrees)
Figure 85. Mean of LOS Deviations - Variation of Deflection Prediction (Square d)

360



811

Mean Deviation (seconds

24

20

16

o

Shear Deformation, i = 60

Small Deflection, i =

---.._‘___‘_‘l —

PN
‘rSmall peflection, %7= 30

—

—
e

e — — =]

SO ——

e ] = T T e R ——e
t

Fioure 86.

90 135 180
Plane Angle (degrees)
RMS of LOS Deviations - Variation of Deflection Prediction (Square d)



61T

Mean Deviation (seconds)

180

150

120

90

60

30

Small Deflection-—~$/ h
Rectangle £ Shear Deformation h \\
[/ ':\ J % i\
/ \\ -!" \
/ \ Pl
/// §\ fy \\
M \ h \
. A .
. / /'\\
. // N \ // +7 W \
; A ™ L g AN
r RN - b
s w 7
J | J
Small Deflection 1 Small Deflection
Square d"{s:zar Deformation Rectangle e‘{sheax peformation
o 45 90 135 180 225 270 315 36(

Figure 87, Mean of LOS Deviations - Variation of Deflection Prediction and Planform

Plane Angie (degrees)



0zt

Root Mean Square Deviation (seconds)

180

150

120

90

60

30

/ \ﬂ/ with shear
. Rectangle £ {
I without shear
]
: Rectangle e {wit‘n shear
/K without shear
/] \\ | [
/ // \( " Square 4 {with shear
/7 N without shear
/7
/
/
i y i 4,
N e = L
0 45 90 135 ; 180 225

Fieure 88.

Plane Angle (degress)
RMS of LOS Deviations - Variation of Deflection Prediction and Planform

270




‘121

125

100
a,
g
g’
™| 75
[«
wd
P )
[+ o)
L
g
o 50
a
kS
[}
(=]
(]
o
&
[+ ]
= 25
0

Figure 89. Total LOS Deviations Along x-axis (Shear and Small ‘Deflection)

L - small Deflection, i = 60°
E—— j ........... it
" .r\ .
Shear Deformation, 1 \\\
N
R
\\
Small Deflection, i = 30° '} Shear Deformation, i = 30° 7.
1 2 3 4 6
* coordinate (y = o) in inches



(AN

Total Deviation (9) in seconds

125

100

75

50

25

Small pefiection, i = 60°

-

Shear Deformation, i = 60

—_—— ——
D ¢ p—

p— —
1T e —

[ Small Deflection, i = 30°

Shear Deformatiom,

o e

Figure 90,

2 3 4

y coordinate (x = o) in inches

Total LOS Deviations Along y~axis (Shear and Small Deflection)



‘ b4

Figure 91. Constant LOS Deviation Contours - Circle a
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angle of 270°, The magnitudes of the contours are given in seconds of
arc. These figures indicate the areas of the window through which
observations can be made with least deviations of the line-of-sight (for
a“particular set of incidence and plane angles).

The area of best observation for circle a is an elliptical area
centered at a point on the y-axis and sbout one-third the distance
between the x~axis and the top of the window. For square d, the area is
a circular ring centered at a point on the y-axis and about one<half the
distance between the x-axis and the top edge of the window. The area
of best observation for trapezoid g is a circular area about halfway
between the top and bottom edges and centered on the y-axis.

Several general conclusions can be drawn from the studies of double-

£

pane configurations:

1. Observations which are made at low incidence angles have the

least deviations in the line-~of-sight.

2. Of the configurations studied, an interstitial pressure of
7.5 psia, a pane separation distance of 0.25 inch and clamped
edge conditions resulted in the best characteristics for circle

a and square d.

3. TFor trapezoid g, the best characteristics were obtained for an
interstitial pressure of 7.5 psia, a pane separation distance

of 0.5 inch and simply supported edge conditions.
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Considering large deflection effects in predicting deformations
results in better window performance while the inclusion of
shear deformation effects had no significant effect on window

performance measures.

O0f the pane shapes studied, circle a has the best character-

istics.
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Section 5

CONCLUDING REMARKS

This study provides the pressure deformation characteristics and

- line~of-sight deviations for a variety of window shapes and loadings.
These data should assist in developing and evaluating window designs

by defining the magnitudes of systematic line-of-sight errors assovcilated
with window deformations.

Spacecraft window surface deformations and line-of-sight deviations
due to ip-flight pressure environments are determined as a function of
several configuration parameters. Variables include planform geometry
(eight different shapes and three sizes), number of panes (one or two),
pane thickness and spacing, pressure environment, and edge conditions.
The effects of including large deflection and shear deformations in the
prediction of deformations are also studied.

The data genérated are preserved on microfilm cartridges and also
on computer magnetic tapes. ?he data are classified as pressure deform-
ations and single- and double-pane configuration ray trace deviations.
Data from selected'portions of each classification are presented and
discussed.

Pressure defa;mation data for circle a, square d, and trapezoid g
in single-pane coﬁfigurations'are presented in the form of contours of
constant deflection and contours of maximum slope. These data show
that maximum deflections and smallest maximuﬁ slopes occur near the

center of each of the window. Thus, the area of best observation
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lies near the center of the windows. Scalingllaws are given for changes
in pressure, window size and thickness, and window material stiffness.

A good window system is defined as the one for which corrections
to the line-of-sight observations are small and constant over the surface
of the window. The bases for determining whether or not a window is good
are the mean and rms light ray deviations of all points on the window
surface and how the mean deviation value varies as a function of the plane
anglé (the orientation of the plane in which the incidence angle is
measured).

Single-pane configuratioﬁ deviation data are presented for studies
involving the variation of the following parameters: pane shape, pressure
differential, dimensional scale, pane thickness, edge support conditionm,
and incidence angle.

These data indicate that low incidence angles, small pressure
differentials, small dimensional scales, large pane thicknesses, and
clampeé edge conditions result in the smallest LOS deviations. The last
four parameters all tend to éecrease the deflections of the window. The
best planform shape of single-pane configurations is trapezoid h. 1In
general, the trapezoidal shape is better than either of the other two
shapes investigated.

Double-pane configuration deviation data are presented for studies
involving the variation of the following parameters: pane shape,
pressure enviromment, pane spacing, edge support condition, incidence

angle, and the theory used in prediction of deformations.
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Studies of these data indicate that observations made at low
incidence angles have the least deviations in the line-ofgsight. An
interstitial pressure of 7.5 psia, a pane separation distance of 0.25
inch and clamped edge conditions result in the smallest LOS deviations
for circle a and square d. For trapezoid g, the best results occur for
an interstitial pressure of 7.5 psia, a pane separation distance of 0.5
inch and simply supported edge conditions.

The study shows the large deflection terms have a small effect in
reducing the magnitude of the deflections of the window and result in
better window performance characteristics. Including shear deformation
effects has no significant effect on the prediction of deflections or on
window performance measures.

Of the shapes étudied in double-pane configurations, circle a has

the best characteristics.
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