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NOMENCLATURE

A Area (in2)

C Pressure coefficient

E Young’s modulus (Ibf/in?)

F Force (1bf)

G Shear modulus (Ibf/in?)

I Mass moment of inertia (Ibm - in2) or area moment of inertia (in4)
J Polar moment of inertia (in4)

L Length (in)

M Moment (in-1bf) or moment resultant (in-1bf/in)
N In-plane force resultant (1bf/in)

S Allowable strength (1bf/in%)

T Torque (in - Ibf)

U Translation displacement (in)

\Y Volume fraction or shear load (1bf)

a,b,c.d.g Angles (rads) or intermediate results of equations
d Diameter

f Area fraction

k Stress concentration factor

q Dynamic pressure (Ibf/in?)

t Thickness (in)

w Width (in)

o Angular acceleration (rad/s?) or coefficient of thermal expansion (1/°F)
¢ Rotation displacement (rad)

xii




\Y Poisson’s ratio

p Index of refraction

P Mass density (Ibm/in3)

T Shear stress (lbf/inz)

o Axial Stress (Ibf/in?)

AP Pressure deferential (Ibf/in®)
v Shear strain (Ibf/in?)

SUBSCRIPTS/SUPERSCRIPTS:

C Compressive

T Tensile

) Area blocked from view

¢ Centroidal

e Elastic

f Volume fraction based on percent fibers

Interlaminar shear

p Plastic

S Shear

X.Y,Z Direction for variable definition
XX,YY.XY,etc. Axes for property definition

¢ Area bounded by thin-wall beam

xiii




SECTION 1
INTRODUCTION AND SUMMARY

USAF experience has shown that the present A-7D canopy provides insufficient rearward
visibility for effective defensive maneuvering when engaged by an adversary behind the A-7.
In 1987, as a consequence of a projected extension of A-7 service life, the National Guard
Bureau requested the assistance of WRDC/FIVR in studying the application of advanced

technology to this problem. Of particuiar interest was increasing ths: transparency length.

1.1 DESIGN GUIDELINES AND CONSTRAINTS
The design guidelines and constraints established for the evaluation of A-7D alternatives
and for determining the design details of the selected alternative were:

maximizing the increase in rearward visibility in the A-7D aircraft as measured by the
reduction in area blocked from the pilot’s view,

minimizing the modifications to the existing aircraft structure for ease of implementation
and low cost,

maintaining the current weight of the canopy assembly, and

minimizing distortion in the area of increased visibility.

1.2 SUMMARY
Alternatives identified for increasing rearward visibility for the A-7D were:

Increasing the length of the canopy transparency,

Adding external mirrors,

Modifying the existing internal mirrors,

Using a refractive lens around the aft portion of the transparency, and

Altering (bubbling out) the canopy profile.
The concepts were evaluated to determine the reduction in the region obstructed from the pilot’s
view aft of the aircraft. Distortion of the pilot’s view and ease of implementation were also

considered. This evaluation showed that, of the alternatives considered, increasing the length of
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A deta led design and analysis of the selected alternative was performed. The feasibility
of extending thz transparency was analyzed using a finite element model of the canopy. Stresses
in tire transparency were analyzed for the highest operational pressure load. Stress results for a
buseline model of the existing canopy were validated with experimental test data. Stress results
for canopy" nwdels with extended transparencies were compared to the baseline results to
determine the effect of lengthening the transparency on the maximum stress levels. The models
showed that the transparency could be extended without increasing the maximum stress levels.

An aiternate canopy frame was designed to allow the transparency to be extended by §
inches. This frame was designed to be as stiff and strong as the current aft frame. Advanced
composites were used in the design to offset the weight increase of the lengthened transparency.
'The design used the existing canopy side rails and forward arch and required no modification to

the surrounding fuselage.



SECTION 2

DEFINITION AND EVALUATION OF ALTERNATIVES FOR
INCREASING REARWARD VISIBILITY

Several alternatives for increasing the rearward visibility of the A-7D aircraft were
identified. These alternatives were:

1. increasing the length of the canopy transparency,

2. adding external mirrors (such as on the F-4),

3. modifying the internal mirrors,

4. using refractive lenses (currently used on buses),

5. altering the canopy profile (like that of the A-10, F-16, etc.).
The alternatives were evaluated to determine the reduction in the region obstructed tfrom the

pilot’s view. Distortion of the pilot’s view and ease of implementation were also considered.

2.1 TECHNICAL APPROACH

To facilitate definition of the region blocked from the pilot’s view, a three-dimensional
CAD model of the canopy surface was generated. To simplify the comparison, evaluations were
performed only in the region above a horizontal plane through the "design eye” position
(waterline 130.1). The design eye position is shown in Figure 1. For direct view the wings enter
the field of view just below waterline 130. Limiting the analysis to the region above the
horizontal plane excluded the area visible to the pilot below the wings. However, the majority
of the field of view which would be of interest to the pilot was evaluated. The "design eye”
shown in Figure 1 was taken from assembly drawings of the canopy [1]. This position was
originally used to position the mirrors in an area already blocked by the windshield and canopy
arch,

Two measures were used to compare the region blocked from the pilot’s view. The
first is given by the angle between the longitudinal axis of the aircraft and the line of sight
closest to this axis for a given configuration. For comparison of different alternatives, this angle
can be calculated as a function of the distance around the canopy aft arch to give a description
of the rearward visibility in different directions. The lines of sight are illustrated in Figure 2

along with the angle up from the waterline at the centerline of the aft arch. A measure of the
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overall effect of each modification is the total area blocked by the aft arch. The area is
determined by integrating the area swept out by the lines of sight at a given distance aft of the
aircraft. This area is shown in Figure 2. The blocked area is proportional to the square of the
distance from the aircraft.

The amount of view distortion and ease of implementation for each of the alternatives
were evaluated on a qualitative basis only. Evaluation of distortion considered the effects of both
manufacturing tolerances (such as nonparallel transparency surfaces) and properties of the system
(such as bending of light by curved mirrors or refracting lenses). Evaluation of ease of
implementation considered the amount of modification to the aircraft required to install the

system.

| 2]
[\

EVALUATION OF ALTERNATIVES
2.2.1 Canopy Acrylic Extension

The effect of increasing the length of the transparency along the existing
mold-line of the aircraft was investigated. To accomplish this extension, removal of some or all
of the aft arch of the canopy frame would be required. The 6-inch width of the existing aft arch
[1] formed the limit of the length by which the canopy transparent area could be extended
without requiring modifications of the fuselage. This investigation was limited to this 6-inch
increase in the canopy length.

Rearward visibility is greatly affected by the position of the pilot’s "eye” in
the cockpit. Although no data on the location of the eye for rearward view was available, the
pilot’s eye position must move laterally to allow the pilot to see past the headrest. The eye will
also shift aft slightly when the pilot turns his head, but this type of motion affects rearward
visibility only slightly. For comparison of designs involving direct view through the aft portion
of the transparency, only the effect of lateral motion of the eye position was considered.

Figures 3 through 5 show the effect of extension of the transparency on the
angle between the centerline of the aircraft and the pilot’s line of sight. In these figures the lines
representing the aft edge of the transparency in the original and extended configurations are
shown. Figure 3 shows the effect of extending the canopy for lines of sight in the vertical plane.
The figure shows that a 6-inch increase in the transparency length would result in a reduction

from 21.5° to 17.9° of the angle blocked from view, a reduction of 17 percent.
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Figures 4 and 5 show the change in the field of view in a horizontal plane
at waterline 130.1 due to changes in canopy length. Comparison of the two figures shows the
effect of lateral motion of the pilot’s eye position on the angle blocked by the aft arch. For the
original acrylic length, the 6-inch lateral displacement of the eye position shown in Figure 5
reduces the blocked angle to 26.3°, compared to 37.1° for the measurement from a centerline eye
position in Figure 4. Similar improvements are seen by comparing angles in the two figures for
extended configurations of the canopy.

Reduction in blocked angle due to increased canopy length at a given eye
position is shown in Figures 6 through 9. These figures are based on the angle between the line
of sight and the longitudinal axis of the aircraft for six positions around the aft arch. These
points were distributed around one side of the aft arch from the canopy centerline to waterline
130.1. Measuring around the aft edge of the canopy, it is 22 inches from the centerline to this
waterline. A polynomial curve was used to interpolate the distinct points.

Data presented on each figure show that there is a fairly constant decrease
in blocked angle for a given amount of canopy extension, regardless of the eye position.
Comparison of the four figures shows that there is a substantial r=duction in sight angle blocked
by the aft arch as the pilot moves his head further to the side. This is especially apparent for
sight lines near the horizontal (20 or so inches around the aft edge of the canopy).

The figures show that the angle blocked for viewing toward the centerline
increases as the eye location moves laterally from the centerline design eye. However, to see
directly aft from a position which is offset from the canopy centerline, one would not look back
across the centerline of the arch. Instead, one would look at a position at the aft edge of the
acrylic which is also offset from the centerline of the canopy. The vertical dotted lines on
Figures 7 through 9 show the position on the aft arch which is directly aft of the eye location
used to generate the data in each figure. The portions of the curves to the left of these dotted
lines lic in a region which the pilot would not use when looking aft. Therefore only the regions
to the right of the dotted lines should be used for comparison. This shows that the visibility
increases continually as the eye moves laterally from the centerline.

The total area blocked by the aft arch, as described in Section 2.1, was also
calculated as a function of transparency length and eye position. Figure 10 shows the blocked

area Ay as a function of eye location for the current canopy transparency length. The area A,

10
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in the figure has been normalized by the square of the distance L between the aircraft and the
region being viewed. The figure shows that lateral motion of the eye of 9 inches decrease the
blocked area by half. Figure 11 shows the fraction of blocked area f as a function of canopy
length. The fraction of blocked area was determined as the ratio of blocked area for the extended
canopy to the blocked area for the original canopy. For a given increase in canopy length, the
reduction in total blocked area is almost independent of eye position. The total area A which
cannot be seen aft of the aircraft for a given canopy length, eye position, and distance aft of the

atreraft is

A=f,- _AL;_ - L? (n
L

Any increase in canopy length would result in the pilot looking through the
fcngthened portion at a more oblique angle. This will cause some increased distortion in the
extended portion. However, inspection of two canopies which had been removed from service
did not show a significant distortion of the canopies’ optical quality when observed at very
oblique angles.

The results of this evaluation show that the extension of the canopy acrylic
would increase the visible region. The 5-inch acrylic extension discussed in detail in Section 3
would provide a reduction in blocked area of slightly more than 30 percent. The analysis also
shows that a further decrease in blocked area results from the pilot’s ability to move his head
farther to the side when looking aft. However, for a giveh eye position, the decrease in area

hidden from view is a function of the increase in transparency length.

222 Mirrors
Possibilities for enhancing rearward visibility by expanding the use of
internal mirrors or adding external mirrors were evaluated. The A-7D currently has three mirrors
in the cockpit arranged around the front arch of the canopy frame. The overhead mirror is
approximately 2 inches wide and extends along the canopy for 7 inches. The lower edge of this

mirror is 3 inches below the outer surface of the canopy transparency. The side mirrors lie on
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the sides of the front arch centered 4 inches below the design eye position. The side mirrors are
approximately 2 1/2 inches wide and extend along the arch for 4 inches.

An external mirror which has successfully been added to the rear cockpit of
F-4 fighters was used as a model for a possible external mirror for the A-7D. Figure 12 shows
the location of the external mirror on the aft cockpit of an F-4. Figure 13 shows the region
visible using the mirror. The mirror is approximately 3 inches high and extends along the arch
for 7 inches. The convexity of the mirror allows for a field of view which extends from
approximately 2° to 14° from the longitudinal axis of the aircraft. A flat mirror of the same size
and location would provide a field of view over a region from 2° to 8° from the longitudinal
axis.

Figure 14 illustrates the existing internal and proposed external mirrors. The
7° fields of view shown are for a 2-inch wide flat internal mirror and a 3-inch wide flat external
mirror. The upper figure shows that the angle which the closest line of sight makes with the
longitudinal axis is about 9° for the internal mirror. The dashed lines in the lower figure shows
that the external mirror could achieve a line of sight which is 7° from the longitudinal axis.
However, this would require that the image pass through the canopy surface three times.

The bright arc in Figure 13 is caused by reflections from the surface of the
F-4 canopy. Similar reflections from the A-7 canopy would obscure a large portion of this field
of view if the reflected light were to take the path indicated by the dashed lines. To prevent
canopy surface reflections from interfering with the field of view, the external mirror must be
oriented so that the line of sight closest to the aircraft is tangent to the forward canopy surface.
This is shown in the lower portion of Figure 14 by the solid lines at 20° from the horizontal.

In order to evaluate the usefulness of internal and external mirrors, the angle
between the line of sight and the longitudinal aircraft axis was determined as a function of
position around the aft arch. Location around the aft arch, as opposed to locations around the
forward arch where the mirrors are located, was used to facilitate comparison with the angles
from direct view. The geometry used in the calculation of the angles is shown in Figure 15. A
cutting plane containing the longitudinal axis of the aircraft and a point on the aft arch was
intersected with the canopy surface. The mirrors for a given point on the aft arch were located

at the intersection of the cutting plane and the forward edge of the canopy acrylic. The inner
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F-4 External Mirror

Figure 12. Location of External Mirror on F-4 Cockpit.

Figure 13. View Using External Mirror on F-4 Cockpit.
(Note: Aircraft is in hangar)
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EXISTING OVERHEAD MIRROR

PROPOSED EXTERNAL MIRROR

Figure 14. Existing and Proposed Overhead Mirrors.

17




*SIOAXTW JC
sTsA1euy 103 aoejang Adoue) pue sueld bur3zin) JO UOT3O8sIIIUT ‘G Inbrg

INVINIY 40

Sixy TYNIGNLIONOT
|/ /I~

INVId ONILIND
40 INILNO

AdONYD d40_30Q3
GUYMYOS HLIM 3NV
ONILLNO JO NOILOISY¥IINI

INVId ONILLND
ONY_AJONVO

40 NOIL ANI
J3SUIIN VRINS AJONVYD

/ 40 INILNO

NOILYD01 3A3 szmol\

AdJONYD 40 3003

~ - 14Y HLIM 3NV
P AN TT——ONILIAO 40 NOILO3SUIINI
~ < ~ ~
/ T ~ k
~. WAS

18




edge of the internal mirror was assumed to be 3 inches inside the canopy surface and the inner
edge of the external mirror was assumed to be at the canopy surface. For the internal mirror the
angles were calculated between the longitudinal axis and a line connecting the inner edge of the
mirror with the point of the aft edge of the canopy. The angles for the external mirror were
calculated between the longitudinal axis and a tangent to the canopy surface at the forward edge.

The sight angles calculated as described above are plotted in Figure 16. The
graph shows that a tar greater angle is blocked using external mirrors than internal mirrors. It
can also be seen that the internal mirrors provide a line of sight which is closer to the axis of the
aircraft for positions all around the aft arch.

The analysis performed for evaluation of the mirrors shows that external
mirrors are only effective when the forward edge of the canopy is nearly parallel to the axis of
the aircraft. This occurs for the rear cockpit of the F-4, on which they are currently used. It also
occurs for the rear cockpit of the A-7K, on which the addition of external mirrors would be
beneficial. However, the slope of the forward portion of the A-7D canopy prevents external
mirrors from being effective.

Due to the very small angle between the reflected line of sight and the
canopy surface, the image reflected by internal mirrors is distorted. However, internal mirrors
are very effective for providing lines of sight which are close to the axis of the aircraft. Figure
16 shows that the sight angles are nearly constant for any mirror position. Thus, altering the
position of the mirrors would not significantly increase the visible area. Because of the limited
fields of view of the existing internal mirrors, an area on either side of the aircraft exists for
which the angle blocked is greater than the 10° shown in Figure 16. Most of this area could be
climinated by the addition of mirrors midway between the overhead mirror and the existing side
mirrors. While additional mirrors cannot greatly decrease the region blocked from view, they
do offer some improvement for rearward visibility without affecting the pilot’s view and with

only a minimal weight increase.

223 Refractive Lenses

Refractive lenses are currently used by the automotive industry to enhance

the field of view on some vans and buses. These lenses give a wider field of view at the expense
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of distorting the viewed object’s image and perceived location. For automotive applications the
lenses are placed on a rear window, and the driver’s line of sight is nearly normal to them. To
adapt similar lenses for use on the A-7D, it would be necessary to apply them around the aft
edge of the canopy. The pilot’s line of sight would then strike the lenses at an oblique angle.
The factors associated with the poss:' iy of using such lenses in this manner have been
investigated.

The geometry associated with determining the refracted line-of-sight for 2
given lens configuration is shown in Figure 17. The relationship between the pilot’s direct line

of sight, "a", and the refracted line of sight, "d", is:

d =90 - {sinh [ p, sin (g+b) + ¢ ] (2)
where:
g =sin! {[sin(®0-a-b-c)]/p, }
and
a = angle between pilot’s line of sight and longitudinal axis of aircraft
(degrees)
b = angle of lens taper (degrees)
¢ = angle between canopy surface and longitudinal axis of aircraft
(degrees)
d = angle between refracted line of sight and longitudinal axis of aircraft
(degrees)
p, = index of refraction of lens.

At the leading edge of the lens, it would be necessary to reduce the taper
angle, "b," to zero. Otherwise, there would be a sudden change in the effective line of sight.
A parabolic shape similar to that depicted in Figure 18 would be required for the lens. The lens
taper angles used in the following examples are those at the aft edge of the lens, where the angle
would be largest.

Figure 19 shows the one concept for applying a refractive lens to the original

canopy. For this example the lens has an index of refraction p; = 1.6 and a taper angle b =2.0°
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CANOPY

LENS

Figure 17. Geometry Used for Calculation of Refracted Line of Sight.

CANOPY

CURVED LENS

Figure 18. Lens with Varying Angle.
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at the aft edge. The figure shows the refracted line of sight in the vertical plane for an eye at
the centerline design eye location. The effective line of sight at this location is the same as if
the canopy acrylic could be extended by approximately 10 inches.

Figure 20 shows the refracted angle, “d,” as a function of distance around
the aft edge of the canopy for this lens geometry. The lines corresponding to each of the four
eye positions are drawn only for positions on the aft arch where the pilot would view. That is,
these curves are shown for positions on the aft arch which lie outboard of the eye position and
above the horizontal plane. Comparison of these curves with those for canopy acrylic extension
(Figures 6 through 9) shows that a thin lens can produce the same effect as a substantial increase
in canopy length. For the design eye location viewing in the vertical and horizontal planes, this
example lens configuration has the same effect as elongating the acrylic by 10 and § inches,
respectively. For other eye positions, the effect is even greater.

Refractive lenses have great potential based solely on analysis of the
reduction in the region blocked from view. However, there are some serious drawbacks to the
use of lenses. One problem is that for oblique angles of incidence, the lenses reflect rather than
refract the image. For example, if b =2.0° and p; = 1.6 and if (a + ¢) is less than 15°, the pilot
would see a reflection of the cockpit interior instead of a refracted image. Since the line of sight
from the mirror intersects the aft portion of the canopy at an angle less than 15°, the mirrors
would be unusable in this area, where they are otherwise most effective. Reflections also occur
if the eye position is more than 10 inches from the centerline. A second problem is the
sensitivity of the effective line of sight to head position and lens taper angle. Changes in eye
position or small distortions in the shape of the lens will change the perceived location of the
object being viewed.

A reduction in sensitivity to head position for both perceived location of
object and reflection of image can be achieved by making the line of sight more normal to the
canopy surface. An example of this concept is shown in Figure 21. For this example the lens
has an index of refraction p; = 1.5 and a taper angle b = 5.0° at the aft edge. The principal
change from the previous example is that the canopy profile is modified, producing the increase
in normality between the line of sight and the canopy surface. Figure 22 shows the refracted
angle "d" as a function of distance around the aft edge of the canopy for this lens geometry.

Comparison of Figures 20 and 22 shows similar values for "d" for given eye and aft arch
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position. However, the angle "d" decreases less for this example for a given lateral motion of
the eye, indicating the reduced sensitivity of this geometry to eye position.

Although the alteration of the canopy profile can reduce the sensitivity of
the lens system to changes in eye location, it cannot make the mirrors useful in this area. If the
angle "¢" is large enough so that the mirror image is not obscured by lens reflections, the mirror
image would be refracted so that the pilot only sees the side of the aircraft. Thus, for the A-7D
alternatives, utilizing refractive lenses which produce an increase in visible area correspondingly

reduce the usefulness of the mirrors.

224 Bubble Canopy

A bubble canopy has been successfully used on many single-seat aircraft to
enhance visibility. Examples include the AV-8, A-10, F-15, and F-16. The bubble canopies of
these aircraft permit an unobstructed view of nearly the entire sky above the horizon aft of the
aircraft. However, to achieve this unobstructed view, these aircraft have the design eye of the
pilot ubove the aft arch of the canopy frame and the fuselage of the aircraft.

On the A-7D, the design eye of the pilot is 10 inches below the apex of the
aft canopy arch. Figure 23 shows a concept for modifying the canopy to allow the pilot o be
raised by 10 inches. Major modifications to the fuselage would be required, including:

alterations to the windshield, canopy and fuselage moldlines,
moditications to raise the seat, controls, and instruments by 10 inches, and
requalification of the ejection system and windshield.

The projected high cost of this alternative did not warrant further investigation under this effort.

23 RECOMMENDED ALTERNATIVE

Alterations in the current locations of the internal mirrors would not enhance rearward
visibility. However, the addition of two internal mirrors on the forward canopy arch would
decrease the area blocked from the pilot’s view near the axis of the aircraft without affecting the
pilot’s vision in other areas. External mirrors are not recommended because they would not
increase the area visible to the pilot. Refractive lenses have the potential to greatly reduce the
area blocked from the pilot’s view. However, it would be very difficult to fabricate the lenses

within acceptable limits of distortion. Also, movement of the pilot’s head would change the
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apparent location of objects, and lenses would make the mirrors useless for viewing close to the
axis of the aircraft. These drawbacks prohibit the applicability of existing refractive lenses.

A bubble canopy is not recommended because of the major changes required to the
aircraft moldline and the high cost associated with major modifications to the fuselage.

The greatest increase in rearward visibility without impairing the pilot’s vision in other
areas and without major airframe modifications can be achieved by elongation of the canopy
acrylic. A 5-inch extension of the canopy transparency would result in a 31 percent decrease in
the rearward area blocked from sight. The results presented in Section 3 show that a S-inch

increase is feasible without changing the total weight of the canopy.
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SECTION 3

DETAILED DESIGN AND ANALYSIS OF SELECTED ALTERNATIVE

A detailed design of an alternate A-7D canopy is presented in this section. This canopy
increases the transparent portion of the transparency by S inches in length. The analysis includes
a stress evaluation of the lengthened transparency and a detailed design of an alternate canopy

frame.

3.1 CANOPY STRESS EVALUATION

The stress in the lengthened transparency was compared to the stress level in the current
production canopy using finite element models. If the alternate canopy is to be feasible, the
maximum stress in the extended transparency must not exceed the maximum stress in the current
configuration. An increase in canopy stress for a modified configuration would require that either
the canopy be made thicker or that the entire canopy frame be redesigned. An increase in canopy
thickness (currently 0.25 inch) would increase the overall weight of the canopy and require
requalification of the ejection system. A complete change of the canopy frame would be
expensive and might require requalification of the ejection system. A finite element model was
developed to determine the stress distribution in the acrylic. Results of the analysis, summarized
in this section, showed that the transparency could be extended without increasing maximum

stress.

3.1.1 Model Development

A finite element model was developed using the MAGNA program [2]. The
canopy transparency was modeled using 16 node thick shell elements. The element orientation
is shown in Figure 24. One side of the original model of the transparency is shown in Figure
25. This model was later revised to give results which agreed more closely with test data for the
load conditions. The modifications are discussed in Section 3.1.2,

The actual edge conditions of the transparency are complicated. As shown in
Figure 26 the canopy acrylic is bonded to a nylon edge strip. The nylon edge strip is held in

place by an aluminum retainer bolted to the forward arch and side rail. At the aft edge, the
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10-32 Bolt
Aluminum 1} inch Nominal Spacing
Retainer
Acrylic

AN

Nylon
Edging

\

Magnesium Forward Frame

= Acrylic

10-32 Bolt 1} inch
Nominal Spacing

Aluminum Magnesium Side Rail

Retainer

Nylon Edging

Figure 26. Edge Conditions for A-7 Canopy (3].




canopy acrylic is held in a similar fashion except the bolts go through the acrylic which extends
to the edge. Quadratic beam elements were used to model the canopy frame. The element
orientation is shown in Figure 24. To simplify the modeling of the boundary conditions at the
transparency edge, it was assumed that the beams are rigidly fixed to the canupy acrylic along
the line of bolts holding the aluminum retainer; omitting the nylon edge strip. The wire mesh
model of the canopy frame is shown in Figure 27. Elements of the wire mesh were attached to
the inner surface of the canopy. Constraints were used to ensure that the displacements of the
shell elements match the displacements and rotations of the beams. Displacements of the entire
structure were fixed at the aft hinges and side pins as shown in Figure 27. It was assumed that
the hinge and pins would be free enough to allow small rotations of the canopy frame.

Due to limitations on the way beam element properties could be input to this
program, the beam cross-sections were approximated by a series of rectangular sections. The
cross-sections used are shown in Figure 28. These cross-sections were based on measurements
from assembly drawings of the canopy [1). It was later determined that some of the wall
thicknesses used were thinner than those of the actual frame. However, the good agreement
between test data {3} and finite element calculations indicated that changes in the beam
cross-section would not significantly change the results.

The critical load was a static pressure distribution from the original design of
the canopy [4] which corresponded to the condition which produced the highest stress during
flight [3]. The load was based on the pressure developed by an aircraft at Mach number (.95
and 22,000 feet altitude at full left rudder. This case was analyzed because of the availability
of the pressure distribution [4] and the stresses from strain gage data at this flight condition |3}.
The pressure distribution due to flight loads on the canopy surface is shown in Figure 29. The
pressure was determined by multiplying the value shown at a given location on the canopy by
3.84 psi. Positive pressure was directed inward on the outer surface. The total pressure at a given
location was a combination of a 5-psi cabin pressure pushing out on the interior canopy surface
and the flight loads pulling out on the exterior canopy surface.

The theoretical temperature of the transparency for the flight condition used is
96° F |4]; however, the actual test data was taken at 54° F [3]. The material properties used in

the model were chosen to match the temperature from the test data. Young’s modulus for the
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Front Former: MAGNA Model:
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Figure 29. Pressure Distribution for Critical Load Case (4].
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acrylic was 485,000 psi and Poisson’s ratio is 0.35 [3]. For the magnesium structure the Young’s

modulus was 6.5x106 psi and the Poisson’s ratio was 0.35 [5].

3.1.2 Model Validation

The model was validated by comparing the results of the FE analysis with flight
test data. The von Mises stress on the inner and outer surfaces of the right-hand side of the
canopy is shown in Figures 30 and 31. Stresses on the right-hand side were higher than those
on the left-hand side for this load condition, and the highest stress occurred near the forward
latch on the inside surface of the canopy. This agreed with results published by LTV for this
load {3]. However, comparison of the stresses with those from test data showed that this model
predicted bending stresses much higher than those measured.

The locations of the strain gages for which flight test data were available for this
louding condition are shown in Figures 30 and 31. The strain gages were aligned perpend.cular
to the side rail. Exact locations of the gages are listed in Table 1. The distance from the
forward latch listed in this table is measured along the canopy side rail. The distance from the
bolt row is measured from the centerline of the row of bolts which attach the canopy to the side

rail and which form the edge of the canopy for the model.

Table 1 - Locations of Strain Gauges in Flight Test [Ref 3]

Dist. from Fwd. Latch  Dist. from Bolt Row

Gage No. (in) (in) Surface
9 9.6 220 inner
10 9.6 1.70 inner
11 15.8 1.70 inner
20 9.6 2.20 outer
21 9.6 1.70 outer
22 15.8 1.70 outer
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The stresses on the transparency surface directed perpendicular to the side rail
from both the tests and the FE analysis are listed in Table 2. The flight test data were obtained
at a canopy pressure AP=4.9 psi, dynamic pressure q=3.28 psi, and temperature of 54° F [3]. The
theoretical conditions used for the model were canopy pressure AP=5.0 psi, dynamic pressure

g=3.84 psi, and temperature 54° F [4].

Table 2 - Stresses Normal to Side Rail at Strain Gage Locations (initial model)

Gage Number Measured Stress (psi) FE Model Stress (psi)
9 1044 2600
10 1816 3400
11 2291 2900
20 40 -1300
21 -670 -2100
22 -571 -1500

Averaging the stresses on the inner and outer surfaces gives the in-plane
component of the stress. The in-plane stresses from the model were in reasonable agreement
wiih the strain gage data. However, the stresses due to bending were much higher for the model
than for test data. The high bending stresses were due to the simplified manner used to model
the attachment of the canopy acrylic and the canopy frame. The lower stresses in the actual
canopy indicated that the physical attachment between the transparency and the side rail had
more flexibility than was allowed in the model.

Rather than attempt to model the attachment exactly, the elements near the frame
were refined and tapered. A profile of the element mesh used is shown in Figure 32. The
clements closest to the model’s edge were tapered to increase the flexibility in this region. The
tapered element were in the region which, on the actual canopy, is actually nylon or is covered
by nylon and aluminum. Thus, the tapered elements were not in the region where stresses were

considered critical.
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A comparison between the strain gage data and the results from the revised
model is listed in Table 3. Good agreement exists between the test data and the results from this

revised model.

Table 3 - Stresses Normal to Side Rail at Strain Gage Locations (revised model)

Gage No. Measured Stress (psi) FE Model Stress (psi)
9 (inside) 1044 1400

10 (inside) 1816 2050

11 (inside) 2291 2300
20 (outside) 40 20
21 (outside) -670 -600
22 (outside) -571 -550

LTV (3] used strain gage data in conjunction with a finite element model to
determine the stresses in the transparency. Results of the MAGNA model are compared with the
LTV results for the load case under consideration in Figures 33 through 35. Stresses in all of
the figures are on the inside surface of the transparency at the location where the nylon and
acrylic join. Stresses shown are normal to the frame. The figures show good agreement
between the LTV and MAGNA results for the side rail and aft former. In particular, the peak
value of 2950 psi above the forward latch agrees very well for both models. However, the stress
levels predicted by the MAGNA model at the front former did not correlate well with those
predicted by LTV. This was not considered significant because peak stresses do not occur in that
region and no structural modifications were intended for the front former.

The good correlation between the results from the MAGNA model and the LTV
data was considered sufficient to validate the use of this model as a baseline for investigating the
effects of modifications to the transparency or structure. In Figures 36 and 37, von Mises stress
distributions are shown for the inner and outer surfaces of the canopy respectively for the critical

load case. The figures show that highest stresses occur on the inside surface above the forward
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latch and on the outer surface approximately 5 inches above the side rail. These stresses are
caused primarily by bending as the canopy “mushrooms” due to the prcssdre load.

The calculated stress levels in the transparency correlated closely with
experimental data. The model of the current canopy showed that peak stresses occur on the inner
surface of the transparency just above the forward latch and on the outer surface 5 inches from
the side rail. These were the critical stress locations for evaluating the modifications discussed

in Sections 3.1.3.

3.1.3  Analysis of Extended Transparency

The detailed analysis of extending the canopy transparency is described in this
section. The model described in Section 3.1.2 was modified to represent extension of the
transparency by 4.5 inches while maintaining the production moldline.

At the time that this analysis was performed, an extended length for the transparency had
not been selected. The modifications in Section 3.2 were designed to provide a S-inch retainer.
The changes in results were not significant enough to require repeating the analysis.

Three cases were run to evaluate the effects of different aft structures on the stresses in
the acrylic. The first case represented a typical aft frame structure. Cases 2 and 3 were included
to evaluate the effects of extreme changes in support structure stiffness on the stress distribution
in the transparency. The cases run were:

1. Replace existing aft arch with a more flexible aft arch than that currently

used, but otherwise use the same aft structure. Properties of the arch used

were:

A =155in% 1, =227 in*
_ . 4 _ . 4

I, =082 in%, I, =027 in

These properties are consistent with narrowing the existing arch by 4.5 inches.

2. Fixing the aft edge of the transparency, eliminating the aft structure. (This
case represents an extremely stiff aft arch.)

3. Fixing the lower portion of the transparency and allowing the aft edge of
the transparency above W.L. 132 to be free. (This case represents an

extremely flexible aft arch.)
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For all three cases the conditions at the side rail and front former were the same as for the model
in Section 3.1.2.

' Results of the three cases are compared with the analytic results for the original
canopy in Figures 38 and 39. Figure 38 shows the stress normal to the side rail on the inner
surface for the original canopy and for case 1. Results for cases 2 and 3 showed trends nearly
identical to that of case 1, but with a slightly lower peak value. The figure shows that for the
lengthened transparency the location of the peak value shifts from the forward latch to the aft
latch. The peak value increases about 3 percent, from 2950 psi to 3040 psi.

Figure 39 shows the stress normal to the aft edge on the inner surface for all three cases
as well as the original canopy. In all three cases the peak stress was reduced by lengthening the
canopy. As expected, a stress concentration occurs for case 3 at the point where the aft edge
changes from clamped to free. However, this discontinuity, which would not exist on an actual
canopy, did not affect the stress outside of a small region.

Figures 40 through 45 show the von Mises stress for the inner and outer surface
of the canopy for the three cases. For all three cases the distribution is nearly identical except
near the aft edge, demonstrating that the aft structure does not significantly affect the overall
transparency stress levels or stress distribution for closed canopy operation. The peak value of
von Mises stress occurs on the outer surface of the canopy between the two latches. The
elongated models predicted that this value increases by about 3 percent, from 2000 psi in the
original model to 2060 psi. In all cases the peak stresses were well below the flexural fatigue
strength of 4,800 psi [6] for stretched acrylic at 106 cycles. Thus, a satisfactory margin of safety
can be maintained for the elongated transparency without increasing the thickness of the
transparency acrylic. Although the stress level in the nylon edge was not evaluated, the small
increase in stress in the acrylic should not significantly change the stress in the nylon edge.

The three boundary condition cases analyzed represented a wide range of
possible aft support structures. The analysis in this section showed that changes in aft frame
stiffness did not significantly affect the stress levels in the canopy transparency. In the
recommended aft configuration presented in Section 3.2, the lower part of the aft structure is

, much stiffer than that of the current frame, while the upper part is more flexible. The proposed
modifications would extend the transparency by 5.0 inches. Although the finite element cases

' were run for a 4.5-inch extension, the differences in results for a 5-inch extension were not
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expected to be significant enough to require repeating the analysis. Based on the results of case
3, which is the limiting case of a stiff lower section and flexible upper section, stresses due to
the proposed modifications should remain in an acceptable range. Thus, the extended stretched

acrylic transparency can remain 0.25 inch thick.

3.2 MODIFIED CANOPY AFT FRAME DESIGN

A modified aft frame for the canopy which would allow the transparency to be extended
was designed.  Advanced composites were selected for the modified frame because they offered
the design flexibility and high stiffness-to-weight ratio necessary to allow the transparency to be
extended by 5.0 inches (increasing the weight of the acrylic panel by 4.5 1b) without increasing
the total weight of the canopy. Unidirectional graphite/epoxy was used in areas requiring high
stiffness and/or strength. Woven Kevlar was used in selected areas to provide high impact
resistance. A detailed description of the redesigned structure is presented in Appendix B.

The basic differences between the existing and modified frames are illustrated in Figures
46 and 47, which include:

1. replacing the magnesium arch (rectangular tube section) with a straight
graphite/epoxy tube as the primary structure for torsional stiffness of the
canopy,

2. replacing the magnesium beams along the sides of the aft frame with

graphite/epoxy beams,

3. replacing the rib-stiffened aluminum pressure panels with honeycomb composite
panels,

4. replacing the aluminum skin with a woven Kevlar skin of equal bending
stiffness,

5. replacing the aft transparency support flange on the magnesium arch with a

Kevlar support strip.
The modified structure was designed to (1) match or exceed the stiffness and strength
of the existing frame, (2) require no modifications to surrounding aircraft structures, and (3)
match the overall weight of the existing canopy assembly. The overall stiffness and strength of

the existing and modified frames are compared in Appendix A for a variety of load cases. Loads
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encountered by the frame for both open and closed canopy operation were considered. For ail
cases, the modified frame equalled or exceeded the strength and stiffness of the existing frame.

To facilitate integration of the modified frame into the rest of the structure, no changes
have been made in the hardware used for attaching the aft frame to the existing canopy side rails.
The rubber pressure seal and seal mounting hardware are the same as on the current production
canopy. The canopy counterbalance adapter assembly is also retained, as are the splice plates
where the aft frame attaches to the side rails. Thus, the only modifications required are
rebuilding the aft frame and extending the transparency.

The modified canopy was designed to match the weight of the existing structure. In
Section 3.3 the effects of the redistribution of weight in the canopy are discussed. Table 4
summarizes the weights of the individual components of the altered structure. The total
theoretical weight of the modified parts, 31.53 1b, matches almost exactly with the 31.51 Ib given
for the corresponding parts on the existing canopy [1].

33 INERTIAL PROPERTY EVALUATION

The structure proposed in Section 3.2 has the same mass as the existing structure, but
the mass is distributed differently. The effects of the change in mass distribution on the inertia
properties of the canopy were evaluated using three-dimensional CAD models of the structure.
The models show that the principal inertias change by less than one percent. Thus, canopy
ejection, which is affected by the inertial properties of the canopy, is essentially unaffected by
the proposed structural modifications.

To evaluate the effects on inertial properties of the changes proposed in Section 3.2, a
three-dimensional CAD model of the canopy was generated. This model allowed the mass
moments of inertia, which govern the dynamic response of the canopy, to be calculated
accurately. A modified canopy model, which included the proposed changes, was developed
from the model of the existing canopy. The models used lines and surfaces with effective
densities and cross-sections to approximate the mass distribution for the canopies. The weights
used for modeling the existing canopy and forward portion of the modified canopy were obtained
from the theoretical weights listed on LTV assembly drawings {1].

The weight of a canopy assembly based on parts lists [1] was 92.28 pounds. An actual
A-7D canopy (SN A6-232), from which the mirrors and rubber seal were missing, weighed 94.5

X 0.5 pounds. The mass distribution of the model of the existing canopy was based on the

67




Table 4 - Weight of Modified Frame Components

Part Quantity Weight per Unit (Ib)  Total Weight (Ib)
5.0 in acrylic extension 1 4.50 4.50
Aft frame cross tube 1 6.56 6.56
Beams along aft frame sides 2 3.51 7.02
Pivot bolt adapter 2 0.38 0.76
Pressure panels 1 4.30 4.30
Skin 1 3.13 3.13
C’balance adapter support 1 0.28 0.28
Transparency edge support 1 248 2.48
Pressure panel edge retainer 1 0.29 0.29
Fasteners:
Nutplates 107 0.0015 0.1605
Blind fasteners 4 0.0122 0.0488
12 0.0071 0.0852
4 0.0068 0.0272
42 0.0055 0.2310
Panel Inserts 63 0.0012 0.0756
4 0.0105 0.0420
4 0.0092 0.0368
Gussets at tube joint 2 0.24 0.48
2 0.11 0.22
2 0.09 0.18
2% Adhesive allowance - 0.62 0.62
TOTAL 31.53

theoretical component weights. However, these weights were scaled up by 2.4% to achieve a
value of 94.5 pounds, matching the measured value. The computed center of gravity (CG) of the
model was 0.31 inch below and 0.30 inch forward of the measured location of the CG. The
difference between the measured and calculated location of the CG was within the tolerances of

the measurements; the computed values were 0.18 inch below and 0.24 inch forward of the
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measured values. Thus, the CAD model was acceptable for use as a baseline in determining the
effects of the proposed modifications on the inertia properties of the canopy.

The model of the original canopy was modified to account for the changes proposed in
Section 3.2. The modified model also had a weight of 94.5 pounds. Values for the CG and
inertias of the existing and proposed canopies are listed in Table 5. Coordinates for this chart
are based on a standard right-hand system aligned with the aircraft fuselage stations and
waterlines. Positive directions are defined as in Figure 48. The models indicated that the CG
of the modified canopy will be 0.36 inch lower than that of the existing canopy, primarily caused

by the replacement of the magnesium aft arch with a composite torque tube.

Table S - Mass Properties of Existing and Modified Canopies

Existing Existing Modified

Measurec Calculated Calculated Change
Weight 94.540.5 94.50 94.50 0.0
CG Location (in)
X 279.1+t 278.80 278.77 -0.03
Y 0.0 0.00 0.00 0.00
Z 127.840.5 127.49 127.13 -0.36
Inertias with respect to CG (10% 1b-in?)
L, - 25.5 25.4 -0.1
Iyy - 322 325 0.3
L, - 45.5 45.4 -0.1
I, - 1.6 1.2 -0.4
ly, - 0.0 0.0 0.0
1y - 0.0 0.0 0.0
Inertia with respect to aft pins (103 lb—inz)
l°yy - 106.7 107.6 0.9
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The reaction of the canopy during ejection is controlled by the inertia with respect to the
aft pins l°yy. If the aircraft is not accelerating, the motion of the canopy during ejection is

described by

IM =P, - 3)

M° are moments about the axis through the aft pins and a is the angular acceleration of the
canopy about the y-axis {8]. During ejection, M° will be caused by the weight of the canopy,
the pressure of the wind, and the force of the ejector. Since all of these forces are the same for
both the original and modified canopy, the angular acceleration of the canopy a is inversely
proportional to I° .. The models show that II°,, will increase by 0.8% due to the proposed
changes. Thus, the modified canopy would accelerate about 0.8% slower during ejection than
the existing canopy.

The location of the CG, the weight of the canopy, and the inertias with respect to the CG
have a great effect on the motion of the canopy after it breaks free from the aircraft during
ejection. These factors also have a slight effect on the overall motion and control of the aircraft.
The theoretical weights of the existing and proposed versions are the same and, as shown in
Table 5, the change in CG and inertias are small (less than 1%). Thus, the change in motion

of the ejected canopy is negligible.
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- SECTION 4
CONCLUSIONS AND RECOMMENDATIONS

Five alternative systems were evaluated for increasing rearward visibility for the A-7D
aircraft. These were increasing the canopy transparency length, adding external mirrors,
modifying the internal mirrors, using refractive lenses, and altering the cancpy profile. Of the
alternatives evaluated, increasing the usable length of the canopy transparency is recommended.
A 5-inch extension of the transparency would reduce the area currently hidden from the pilot’s
view aft of the aircraft by 31 percent. Additional internal mirrors could also offer some
enhancement for rearward visibility. Refractive lenses could greatly increase rearward visibility,
but would cause distortion and could reduce the effectiveness of the mirrors. External mirrors
or modifying the profile of the canopy would not increase the area visible to the pilot.

Finite element modeling of the transparency showed that the stresses in the canopy
acrylic are not significantly affected by increasing the transparency length. Thus, an extended
transparency could have the same (0.25-inch) thickness as the current transparency. The
modeling also showed that supporting the aft edge of the transparency with a more flexible
structure than that which is currently used does not affect the maximum stress in the acrylic
transparency.

The canopy aft frame was redesigned using advanced composites; as shown in Figure
49. This structure allows the transparency to be lengthened by 5 inches and was designed to be
at least as stiff and strong as the current aft frame. The use of composite materials in the aft
frame minimized its weight, offsetting the 4.5-pound transparency weight increase. The change
in mass distribution due to the proposed modifications would not significantly alter the inertia

of the canopy, and, therefore, egress and emergency jettison should be unaffected.
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APPENDIX A
STRUCTURAL ANALYSIS OF CANOPY AFT FRAME

This section presents the detailed analysis of the aft structure discussed in Section 4.
Since LTV structural design data was unavailable, equivalent strength and stiffness design criteria
were used to design the alternate structure. The equivalent stiffness design criteria required that
the displacement of the proposed structure be equal to or less than that of the existing structure
for any given loads. The equivalent strength design criteria required that the margin of safety
of the proposed structure equalled or exceeded that of the existing structure for all load cases.
The direct comparison of the two structures under various loads guaranteed that the proposed

structure had safety margins which equalled or exceeded those for the original structure.

A.1  MATERIALS PROPERTIES AND DESIGN CRITERIA

Material properties used in the analysis are listed in Table A.1. Allowable strengths listed
for the metals are yield strengths. Both the moduli and allowable strengths listed for the
composite materials are values from the cited references reduced by 15% to account for
manutacturing defects. The reduction in material properties provided an additional margin of
safety on both strength and stiffness. For the analysis of beam type structures, effective moduli

were used based on the in-plane properties of the laminate [9].

A.2  BEAM STRUCTURE

The structural analysis of the principal load-carrying aft support structure was perfonmed
using finite element (FE) analysis. It was assumed that the primary structure be treated as thin-
walled beams, and that the contributions to the overall stiffness of the structure from the skin and
pressure panels be neglected. The models used for this analysis are shown in Figure A-1. These
models were developed using beam elements with the COSMOS FE program [13]. To model
the intersections of the beams, elements in the space where the beams physically intersect were
constrained to move as rigid bodies. These areas are cross-hatched in Figure A-1.

Cross-scctions of interest for stress analysis are indicated on Figure A-1 by the numbered

locations. Cross-sectional properties for these locations are detailed in Figures A-2 and A-3.
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Figure A-1l. Models of Principal Canopy Structure.
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Table A.1 - Material Properties

Magnesium | Aluminum Gr/EP Gr/EP Kevlar/EP
AZ91C-T6 7075-T6 0° +45° Bias Weave
(Ref. 10) (Ref. 10) (Ref. 11) | (Ref. 11) | (Ref. 12)
S, (psi) 16.0E+3 67.0E+3 94.0E+3 14.4E+3 250643 |
S', (psi) 16.0E+3 66.0E+3 3.4E+3 14.4E+3 25.0E+3
S¢, (psi) 16.0E+3 68.0E+3 85.0E+3 15.3E+3 15.0E+3
S¢, (psi) 16.0E+3 71.0E+3 17.0E+3 15.3E+3 15.0E+3
S§ (psi) 8.8E+3 38.0E+3 7.7E+3 36.7E+3 27.0E+3
S' (psi) NA NA 8.5E+3 8.5E+3 7.5E+3
E', (psi) 6.5E+6 10.3E+6 21.0E+6 2.0E+6 0.94E+6
E', (psi) 6.5E+6 10.3E+6 1.5E+6 2.0E+6 0.94E+6
EX, (psi) 6.5E+6 10.5E+6 21.0E+3 2.0E+6 0.85E+6
E¢, (psi) 6.5E+6 10.5E+6 1.5E+6 2.0E+6 0.85E+6
G,, (psi) 2.4E+6 3.9E+6 0.55E+6 5.5E+6 2.5E+6
Hyy 0.35 0.33 0.30 0.83 0.75
p (#in) 0.665 0.101 0.057 0.057 0.048
o, (1/°F) 14.0E-6 12.9E-6 -0.30E-6 1.27E-6 1.1E-6
a, (1/°F) 14.0E-6 12.9E-6 19.5E-6 1.27E-6 1.1E-6
Vv, NA NA 0.60 0.60 0.50

Effective properties were used for the model of the existing structure to account for the
combination magnesium-aluminum walls. The properties were scaled to those of an all-
magnesium structure based on the modulus ratio of the magnesium and aluminum. The
properties of the composite sections were based on the in-plane longitudinal and shear moduli
of the panels.

Boundary conditions of the models assumed that the aft hinge pins had enough clearance
to allow rotation in any direction. Rotations of the elements in this area were very small,
validating this assumption. Load cases considered were all symmetric or anti-symmetric about
the centerline. The first six load cases were representative of loads transmitted to the aft

structure from the side rails during closed canopy operation. Load cases 7 through 9 were
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representative of the loads transmitted by the side rails during open canopy operation. The load
cases are summarized in Table A.2. The direction and location of application of these forces is
also indicated in Figure A-4. Although the first six cases simulated closed canopy loads, the side
rail was not constrained in the models, as it would be by latches for actual operation. Since the
models were used only for the evaluation of loads transmitted to the aft structure, the side rails
were not fixed at the latch locations so that a known applied load would be reacted entircly by

the aft structure.

Table A.2 - Load Cases

=
Case Original Canopy Modified Canopy
Load Direction Location Load Direction Location
| 1000 b force +X sec 9 1000 1b force +X sec 11
" X sec 10 " "X sec 12
2 " "o+X sec 9 " "o+X sec 11
" R ¢ sec 10 " "X sec 12
3 " 4 sec 9 " " +Z sec 11
" "z sec 10 " "z sec 12
4 1000 in-1b | moment +X | sec 9 1000 in-1b | moment +X | sec 11
" X sec 10 " "X sec 12
5 " " 4+Y |sec9 " " +Y | sec 11
" "lY sec 10 " "lY sec 12
6 " " +Z | sec9 " " +Z | sec 1l
" "z sec 10 " "z sec 12
7 10 1b/in force +Y rail 10 Ib/in force +Y rail
" "lY rail " R ¢ rail
8 " "4Y rail " "+Y rail
" "+Y rail " "+Y rail
9 " " 47 rail " " 47 rail
. "z rail " "z rail

Figure A-4 shows the displaced configurations for the nine load cases. Deflections of both
the existing and proposed structures are shown for comparison. The figures show that the overall

deflection of the proposed structure is less than that of the uxisting structure. The deflection of
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the points of load application (for cases 1 through 6) or the deflection of the forward point on
the side rail (for cases 7 through 9) are summarized in Table A.3. Deflections listed are in the
same direction as the applied load. For all nine cases, the proposed structure deflects less than

the existing structure in the direction of the applied load.

Table A.3 - Summary of Displacements

Case Direction Original Canopy Deflection | Modified Canopy Deflection
L/H RH L/H R/H

1 U, 0.143 in -0.145 in 0.0951 in -0.0969 in
2 U, 0.195 in -0.195 in 0.0193 in -0.0193 in
3 U, 0.281 in -0.284 in 0.138 in -0.138 in
4 0, 0.0089 rad -0.0089 rad | 0.0046 rad -0.0046 rad
5 0, 0.0055 rad -0.0054 rad | 0.0046 rad -0.0047 rad
6 0, 0.0048 rad -0.0048 rad | 0.0045 rad -0.0045 rad
7 U, (tip) 2.87 in -2.87 in 1.82 in -1.82 in
8 U, (tip) 4.84 in 4.85 in 2.66 in 271 in
9 U, (tip) 3.47 in -3.51 in 2.56 in -2.61 in

In general, there is a greater coupling of displacements in one direction due to loads in
another for the existing structure than for the proposed structure. This occurs because of the
difference in the manner in which the load is transferred from one side of the structure to the
other (either by the existing arch or the proposed straight tube). Thus, displacements for
directions not listed in Table A.3 are also smaller for the proposed structure than for the existing
structure.  Since any possible load can be generated from a linear combination of the first six
load cases, the proposed structure will have a smaller deflection for any possible load. (It is
stiffer than the existing structure.)

Force and moment resultants calculated by the FE program were converted to stresses at
the cross-sections identified in Figure A-1. Stresses were calculated for these cross-sections at

the locations identified in Figures A-2 and A-3. The cross-sections chosen for stress evaluation

are located near changes in wall thickness or load path. The equations used for calculating
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stresses are based on linear beam theory assumptions [15,16]. The stresses 6, and T can ¢
calculated from cross-section properties I,,, I\, 8, A, Ay, and t, and the load resultants F,, V.,
v, T,. My, and M,. Positive directions for these variables are shown in Figure A-5. Equations

used for the calculations are:

M, =Mg* cos(8) + M,* sin(6) (A1)
Mq = -My* sin(8) + M_* cos(0) (A2)
I, =1/20,-1)*an(8) (A3)
Lo =120, +1)+ [0, - L)Y4+ 2 )7 (A4)
lg =120, +L)-[d,-1)%4+P )" (A5)
P =(y-y) *cos®) + (z - z) * sin(0) (A.6)
q =-(y - y.) * sin(®) + (z - z) * cos(0) (A7)
o, =M,pl,,-M,ql,+ F /A (A8)
T =T/QtAp 2k V /A 1k, V, /A (A9)

The sign of the terms in Equation A.9 is determined by the direction of shear flow at the
location under consideration. Assuming that the stresses are constant across the width of the

beam wall, the margin of safety can be calculated using the Tsai-Wu criteria [9]:

MS=-bf2a + [(b2a)* + 1/a}'? -1 (A.10)

where a and b are calculated from the stresses and material strengths:

. . ) 1
a =SS! S5 + S8 + RIS - 12 6,0,/ (S,-5 55"

b =6, (1S, - UUs) + o,-(1S, - VS

For the evaluation of the isotropic materials, 6, = 0 and G, and T are calculated from Equations

y
A.8 and A.9. Equation A.10 gives the same results as the von Mises criteria for isotropic
materials. For the evaluation of laminated composites, the stresses determined from beam theory
must be converted to stresses on the axes of each layer using laminated plate theory caiculations
9.

A summary of margins of safety for the weakest sections of the existing and proposed

structures is given in Table A.4. Margins of safety for the proposed composite structure were
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based on a first-ply failure; i.e., the stress which causes the weakest ply for the given load

condition to fail. This gave a conservative estimate of the strength of the proposed structure.

Table A.4 - Strength Comparison

Case Original Structure Modified Structure
Section Location  Margin of Section Location Margin of
Number Number Safety Nuraber Number Safety
1 4 2 1.2 5 2 2.1
2 2 4 1.4 S 4 6.5
3 2 2,3 1.2 5 3 2.7
4 9,10 all 36 7 3 47
5 9,10 1 17 11,12 1 17
6 9.10 4 23 11,12 4 23
7 9,10 4 160 11,12 1 170
8 5,14 2 95 13 2 120
9 6,10 1 120 11,12 1 120

For each of the nine load cases, the margin of safety for the modified structure matched or
exceeded that of the existing structure. It should be noted that the smallest margin of safety for
several of the load cases occurred in the side rail (sections 9 and 10 for the existing structure or
sections 11 and 12 for the proposed structure). In cases where the smallest margin of safety
occurs at the side rail, failure will occur at the joint (current design) which connects the aft
structure and the side rail.

For the linear analysis considered here, any load from the side rail to the aft structure can
be expressed as a combination of the first six load cases. Also, the average value of the stress
across the wall thickness is a superposition of the stresses from each of those load cases. While
the stress at failure of individual lamina in the composite is not a linear function of the
components of the load, the use of first-ply failure theory and the high margins of safety for load
cases where failure does not occur at the side rail indicates that the proposed structure 1s stronger

than the existing structure for any load condition.
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A.3 PRESSURE PANEL

The composite pressure panel was analyzed for strength and stiffness under a 5-psi cockpit
pressure load. The lower and upper portions of the panel were analyzed separately. The lower
section is stiffer than the existing pressure panel and has a high margin of safety under cockpit
pressure. The upper portion of the panel was designed to prevent excessive deflection under
pressure. This section also has an acceptable margin of safety.

The lower portion of the pressure panel was designed to match the bending stiffness of
the ribbed panel which it replaces. The ribs on the existing panel are composed of 7075-T6
aluminum, which has a yield strength of S=66,000 psi. The cross-section of the existing panel
and layup of the proposed panel are shown in Figure A-6. The cross-section shown is one of six
ribs spaced 4 inches apart. The average stiffness of the panel along the direction of the ribs is

54,000 Ibfin®/in. The allowable bending resultant on the section is calculated using:

Mmax =S§-1/y (A.11)

For this section, M., = 610 in-lbf/in. Based on laminated plate theory the bending stiffness

nuix
of the proposed composite is 68,000 1bf in¥/in along the axis aligned with the ribs. Using the

Tsai-Wu criteria (Equation A.10), the allowable bending resultant is M_ = 620 in‘Ibf/in. Thus,

max
the composite panel is both stiffer and stronger than the existing panel along the primary axis.

The simple beam theory analysis used above gave no information on the strength of the
composite pancl for bending in the transverse direction. To check the transverse bending strength
of the panel, a simple finite element model was created using the COSMOS program. The model
used orthotropic layered-shell elements. One-half of the symmetric panel model is shown in
Figure A-7. Since the panel is less stiff than the structure to which it is attached, rotations and
displacements were fixed around the boundary of the model. A 5-psi pressure (representing the
highest normal in-flight pressure) was applied to the surface of the model. Figures A-7 and A-8
show the model of half of the pressure panel. Displacement contours are shown in Figure A-7.
Stresses in the outer ply in the X-direction are shown in Figure A-8.

Using laminated plate theory to calculate the stresses in each ply, the margin of safety was
calculated using Equation A.10. Force resultants over the entire plate were negligible. The

highest bending resultants occurred at the location of the 600 psi stress in Figure A-7. The

bending resultants were: M, = -65.2 in‘lbf/in, M, = -1.0 in-lbf/in, M,(y = -0.1 in‘bf/in. The
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minimum margin of safety also occurred at this location in the transverse plies. The minimum
margin of safety was 6.9.

The upper portion of the pressure panel was designed for bending stiffness under pressure
load. The nominal clearance between the aft edge of the canopy and the adjacent fuselage is
0.18 inch. The pressure panel was designed to deflect less than the nominal clearance under a
S-psi pressure load.

The upper pressure was more flexible than the existing structure. Allowing the upper
portion of the pressure panel to be more flexible than the upper portion of the current aft frame
increased the transparency displacement in this region. However, the evaluation of transparency
stresses in Section 3 showed that a flexible upper structure would not increase the canopy
stresses.

The upper portion of the pressure panel has a geometry similar to that of the lower portion
shown in Figure A-6. The stacking sequence is [(0)3(45.)(-45.)(90.)(-45.)(0,) (0)]. Material
designations are the same as in Figure A-6.

The deflection of this panel was evaluated using the orthotropic layered shell elements in
the COSMOS FE program. One-half of the symmetric model is shown in Figure A-9. In this
model, the translation displacements were fixed along the edges where the upper panel meets the
skin and lower portion of the panel. Also, rotation displacements were fixed at the location
where the panel is bolted to the canopy counterbalance. Since there is actually some additional
resistance to rotation where the upper panel meets the lower panel, these boundary conditions are
more tlexible than is realistic. Also, the stiffness of the beam used for transparency attachment
was neglected, further increasing the flexibility of the model. Hence, these results are
conservative,

Displacement contours for the panel under a 5-psi pressure load are shown in Figure A-10.
The maximum displacement of the panel is 0.114 inch, which is 58% less than the maximum
allowable. Figure A-11 shows the stress in the X-direction for the outer ply of the panel. A
large stress concentration can be seen at the location of the counterbalance. However, using the
Tsai-Wu criteria, the margin of safety for first-ply failure is 0.95.

The same model was also analyzed with a 5-psi pressure load on the surface and a
-254bf/inch load along the free edge. The edge load simulated the force of the canopy on the

panel due to the internal pressurization. The constant force along the edge was estimated from
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the canopy stress evaluation in Section 3. Displacement contours for this load condition are
shown in Figure A-12. The maximum displacement is 0.028 inches, much less than the
allowable. The stresses in the X-direction on the outer ply of the panel are shown in Figure A-
13. Again, a large stress concentration is seen at the location of the lifter. Using the Tsai-Wu

criteria, the margin of safety for first-ply failure is 5.5.

A4 BONDED JOINTS

An analysis of the two critical joints is summarized in this section. These joints are the
attachment of the canopy hinge pin adapter to the composite side-tube and the attachment of the
cross-tube to the side-tube. Two methods were used for the analysis of each of these joints:
finite element analysis and analytic methods [11]. Design loads for the joints are based on the
failure loads of the surrounding structure. Only elastic deformation of the adhesive was
considered. Since plastic deformation of the adhesive gives bonded joints a much higher strength
than that predicted by elastic analysis {11}, this represents a conservative analysis.

A.4.1 Composite Tube - Hinge Pin Adapter Joint

The attachment of the hinge pin adapter to the composite side-tube is shown in
Figure A-14. The design loads for this bonded attachment were developed from the designed
failure load of the hinge pins. The bolts are designed to fail in torsion in the range T = 800-1150
in1bf [18]. Assuming the torsion is reacted only by the upper and lower surfaces of the

composite tube, the load on the upper (narrower) surface is

N=_T
L-w
_ 1150 inib (A.12)
1.55in - 1.7 in

436 lbflin

The bolt narrows in diameter in the region of failure to a diameter d = 0.3125 in. An upper
bound on the shear strength of this bolt is found by assuming no plastic deformation during

torsion and no stress concentration in the narrowed region. The shear strength is:
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T -df2
J

Ss

1150 - 0.31252 (A.13)
n - d¥32

192,000 psi.

Pure shear in the bolt causes a load to the composite tube of

F=S -m-d*/4

s

= 190000 - & - 0.31252 /4 (A-19)
= 14,700 [bf.
The axial stress for this load is:
c=F/A
= 14700 / 0.79 (A.15)
= 18,600 psi.

This stress is less than the compressive strength of 27,000 psi of this laminate and much less than
the tensile strength of 50,300 psi. This load will be distributed to the walls of the composite tube

in proportion to their thickness.

N=o -t
t =0.090: N = 18600 - 0.090 = 1670 Ibf/in (A.16)
t =0.135; N = 18600 - 0.135 = 2510 Ibf/in.

The load required to shear the bolt is higher than for torsion failure of the bolt and is the critical

design load.
To determine the allowable load on the interface, the joint was analyzed as two

balanced adherends. The actual and modeled joints are shown in Figure A-15. The model joint
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E = 0.50 Msi
G = 0.18 Msi Ex = 10.6 Msi
v = 0.36 E, = 1.6 Msi
t = 0.010 in. sz = 0.36 Msi
= 0.058
= 50 ksi
E = 10.3 Msi
G = 3.9 Msi
v o= 0,33
S = 66 ksi
Actual Joint *

Ey = 10.5 Msi
vy = 0.33
S = 50 ksi

138

N =3 I

|G =3

L

13 _Y\\\__ Ez = 0.50 Msj
' va = 0.36

tz = 0.010 in.

Sg = 5.0 ksi

u

2.0

Model of Joint

Figure A-15. Analytic Model of Pivot Bolt Adapter Joint.
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assumes that the adherends are free to displace in the Z-direction. Since the box beams actually
restrict displacement in this direction, this model is conservative. Effective uniform composite
properties were determined from the lamina properties as in Reference 19. The adhesive
properties shown in Figure A-15 were for Reduc K-6 [20]. Moduli for the balanced adherends
were an average of the properties for the aluminum and the composite. The axial strength of the
adherends was based on the in-plane strength of the composite laminate, which was weaker than
the aluminum. The allowable force on the joint was calculated as follows: [11]:

i 12

12N - (1)

2
El * tl

12 N - (1 -0.33%
| 10.5E6 - 0.135°

- }1,2 (A17)

= 0.0203 - N2,

-
A.18
L-a 4 -02:| -1 A-19)

, 1 4
= [1 + 00203 - N2 + 0.0000690 -N]

N = h- Sx
1+ 3-b-(1+1,/1))

0.135 - 50000 (A.19)
1 +3:b-(1+0.010/0.135)

. 6750
1 +3222

Solving Equations A.18 and A.19 gives an allowable force resultant of N = 2790 1bf/in. Thus,

the margin of safety for the force resultant was:

B0




S = 2790
2510
The analytical development did not give any information about the shear stress

-1 =011

distribution in the adhesive. To determine this distribution, an FE model was generated using
orthotropic plate elements from the COSMOS [13] FE program. As in the analytic model, the
joint was treated as a plane stress problem, and the composite laminate was assumed to have
uniform properties through the thickness. The geometry, loads, and material properties for the
model are shown in Figure A-16. Shear stress concentrations occur in the adhesive at both ends
of the bond. The peak value occurs at the tapered end of the aluminum adapter. The peak shear
stress is 4370 psi. The highest shear stress at the thick end of the aluminum adapter was 4090

psi. Thus, the FE model showed a margin of safety for the adhesive in shear of:

M52 5000
4370

The model also shows that the stresses in both the composite and aluminum are much lower than

-1=014.

their allowable strengths.

Bath the analytic and FE model of the joint showed that the adhesive bond would
remain in the elastic range up to the failure load of the hinge pins. Thus, the joint has a much
higher strength than the surrounding structure.

A.4.2 Side-Tube - Cross-Tube Joint

Again, two models were used to evaluate this connection. The intersection of the
cross-tube and side-tube is shown in Figure A-17. The figure shows the overlap of the walls of
the cross-tube onto the side-tube to transfer load in shear. Clips were used on the inside of the
cross-tube to transfer some of the load. Webs were used on the inside of the side-tube to prevent
focal deformation of the walls at this intersection. Not shown on the figure is the gusset used
to reduce flexing between the two tubes. For a conservative analysis, the additional strength of
the gusset was not included.

Torsion in the side-tube is reacted as bending in the cross-tube. The failure load
due to torsion in the side-tube at the forward edge of the gusset (cross-section 7 of the modified
structure in Figure A-1) is 65,800 in-Ibf. This load is reacted primarily by the upper and lower

overlaps of the tubes. The load in the lower, narrower flange is:
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T

N=_____
L-w
65800 (A.20)

40 - 38
4330 Ibflin

This is below the in-plane compressive strength of the laminate of 4950 Ibf/in and well below
the in-plane tensile strength of 9300 1bf/in.

Analytical evaluation of the joint used equations developed in Reference 11 for
unbalanced adherends. The side-tube was conservatively modeled as being infinitely stiff.
Geometry and material properties for the analytic model are shown in Figure A-18. Adhesive
properties are for Redux K-6 [20]. Composite material properties are effective in-plane properties
for the laminate. The adhesive failure load for this geometry is:

N=[8-17, 6, (/2 +7) E -y

= [8-5000-0.010+(0.027/2 + y,)* 9.6E6-0.200]'"2 (A21)

= 27700 - (0.013 + y,)'

To achieve the load of 4330 Ibf/in required to react the torque at failure of the side-rail, the

adhesive must deform plastically. The plastic strain Y for this load is:

N = 4330 = 27700+0.013 + Y,,)]V2

(A22)

4330 2
=[——] -0.013 = 0.011
Y [27700]

This amount of plastic strain is relatively small compared to the 140 percent shear strain for
failure of the adhesive [20].

Verification of the effects of tapering the flanges and adding the clips was
performed using linear, static FE analysis. The model used sorthotropic plate elements from the
COSMOS FE program [13]. Model geometry, boundary conditions, and material properties are
defined in Figure A-18. This model shows two areas of high shear stress in the adhesive: (1) the

narrow ends of the clip, and (2) the inner edge of the side-rail. These locations are shown in
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Ey = 9.6 Msi
ot = 0.20 in.
— / ———
- L ==
r' A S ,/,,'“//'////' //// //
[ ——— N o' S
N E = 0.50 Msi
ta = 0.010 in.
L 0.027
Analytical Analysis Model 7, = 5.0 ksi
E = 9.6 Msi
X
E = 1.6 Msi
rA
. G - (0.36 Msi
Peak Tensile Stress —-—-—— Xz
v - 0.086
—r X2
- A3 ! .

Figure A-18.

High Shear Stress

FE Analysis Model

E -~ 0.50 Msi
G = 0.18 Msi

- 0.36
t = 0.010 in

Models for Analysis of Cross-Tube and Side-Tube
Intersection.
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Figure A-18. The highest shear stress occurs at the narrow end of the clip and has a value or

4570 psi. This gives a margin of safety for shear in the joint of

_ 5000

MS =
4570

-1 =0.09.

The model also shows a high tensile stress concentration on the epoxy just below the fillet. The
model shows a peak tensile stress of 10,700 psi in this area. This exceeds the 8,300 psi tensile
strength of the adhesive.

To reduce the stress in the adhesive at this point, the clips should be fastened to
the side-tube with mechanical fasteners, as shown in Figure A-18. The model was run with fixed
conditions on the portion of the clip which will be bolted to the side-tube. The model showed
nearly identical results in all three areas of peak stress. Thus, mechanically fastening the clips
to the side-tube will not eliminate plastic deformation near the fillet. However, the fasteners will
limit the extent of deformation to a small area.

The analytical and FE models showed that a small amount of plastic deformation
would occur in this joint at the fatlure load of the surrounding structure. Thus, a ductile adhesive
is suggested to prevent fatigue. Use of an adhesive with properties similar to those used in this
analysis and mechanical fasteners to limit deformation of the clips will produce a joint which is

stronger than the surrounding structure.
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12
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APPENDIX B
MODIFIED CANOPY AFT FRAME DRAWINGS

This section presents detailed drawings of the proposed structure.

Drawing notes:

Longitudinal (0*) orientation for lay-up of composite structures, if not specified, are

parallel to beam centerline for beams or parallel to fuselage station axis for panels.

Materials referenced in composite lay-ups:

C - E25 unidirectional Graphite/epoxy, 0.0050 in/layer
K - K49 woven Kevlar cloth/epoxy, 0.010 in/layer

N - 2 gage, 1/8 cell Nomex core, 0.25 in/layer.

For secondary bonding of cured parts use adhesive with properties similar to Redux

K-6:

E = 500 ksi G = 180 ksi
F, = 8.0 ksi (min ultimate) F = 5.0 ksi (min shear yield).
Omitted

Graphite/epoxy lay-up (see note 2):
[0, /(45/-45/0)5/0 11 .

Graphite/epoxy lay-up (see note 2):
[0,/(45/-45/0)¢)s .

Continue plies from thinner portion along entire length of beam. Alternate additional

plies between continuous plies to form thicker section. Distribute ply drop-offs along

2.0-inch section to provide similar ratio of 0° to +45° plies along tapered section.
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14

15

16

17

19

20

21

22

Bond in place 10-32 threaded bushing, 0.625 dia x 0.040 thick baseplate, anodized
7075-T6 aluminum. (P/N CB5005-A-3-A-150-N, Click Bond Inc., Carson City,
Nevada, 89706).

Graphite/epoxy lay-up (see notes 2,50):
[50/-50/04/90/04/90/0, .

Graphite/epoxy lay-up (see notes 2,50):
[0/90/04/90/0,/90/0, ).

Graphite/epoxy lay-up (see note 2):
[(0/90/45/-45)4]g
Longitudinal fiber axis parallel to forward edge of web. Fold outer 2 plies to form

lower 2 plies on attached flanges.

Graphite/epoxy lay-up (see notes 2,50):
[30/-30/04/90/0,/90/0,]s.

Pivot bolt adapter - material 7075-T6 aluminum and anodize.

Kevlar/epoxy lay-up (see note 2): [044]q.
Longitudinal fiber axis parallel to transparency edge. Extend lower 10 plies to form
transparency attachment. Extend top S plies to form outer surface. Use additional

layers between plies to fill shape.
Kevlar/epoxy lay-up (see note 2): [0,].
Longitudinal fiber axis parallel to transparency edge. Extend lower 10 plies aft to

form edge for pressure panel. Trim upper 4 plies to fill triangular shape.

Graphite/epoxy lay-up (see note 2): [90,/0/90,].

Longitudinal fiber axis parallel to edge of transparency. Bond in place (see note 3).
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23

24

25

26

27

28

29

30

31

Graphite/epoxy lay-up (see note 2): [(0/90/45/-45)4]s.

Bond in place after curing (see note 3).

Graphite/epoxy lay-up (see note 2): [0/(0/45/-45);1,s.

Composite lay-up (see note 2):
[0g/0 /450/-45/90/(0/45c/-45¢0) /0kls.

Wrap inner 18 plies around core. Extend outer 11 plies to form flange.

Composite lay-up (see note 2):
[0g/0c/45/-45/90/(0/45c/-450),]s-

Extend outer 11 plies frr . - .ch wall to form flange. Add resin at corner to prevent

voids.

Bond 8-32 x 0.50 long composite inserts in composite sandwich (P/N FIEGE(0836,
Tiodize Co., Inc., Huntington Beach, California, 92649). Align with rivet holes in

existing hardware.

Use existing rubber seal and hardware. Attach to panel with 8-32 screws, replacing

rivets.
Use existing hardware P/N 215-20428-1.

Composite lay-up (see note 2):

Longitudinal fiber axis parallel to transverse axis of aircraft.
Composite lay-up (see note 2):
[(905)/45/-45/0/(90,) 045 /45 (904) SO\

Longitudinal fiber axis parallel to transverse axis of aircraft.
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33

34

35

36

37

38

39

40

41

4?

Drill 0.51 in honeycornb panel. Bond 1/2 OD x 13/64 ID x 0.64 long titanium
bushing in honeycomb panel. Install 10-32-NF-3B bolt and nut with nylon lock.

Drill 0.51 in honeycomb panel. Bond 1/2 OD x 17/64 ID x 0.60 long titanium
bushing in honeycomb panel. Machine bushing flush with surface. Install

14-20-NF-3B bolt and nut with nylon lock.

Instal]l 0.25 DIA x 0.35 long titanium shaft blind fastener. P/N MBF2111-8-350,

Monogram Aerospace Fasteners, Los Angeles, California, 90022)

Kevlar/epoxy lay-up (see note 20: [0/45]s. Longitudinal fiber axis aligned with

fuselage station axis. Extend these 4 plies over entire skin surface.

Kevlar/epoxy lay-up (see note 2): [0/45/45/0]g. Longitudinal fiber axis aligned with

fuselage station axis. Outer 4 plies are extension of overall skin.

Nominal bond thickness 0.005 inches. See note 3.

Extend plies from transparency attachment (see note 21) to aft edge of section. Use

additional plies as necessary to fill triangular section.
Taper flange from 0.20 to 0.080. Distribute ply drop-outs to retain nearly constant
ratio of (0° and +45° plies. Stagger ply drop-outs through thickness to prevent voids

and minimize stress concentrations.

Graphite /epoxy lay-up (see note 2):
(0,/(45/-45/0)4s.

Graphite /epoxy lay-up (see note 2):
[0,/(45/-45/0),/(0/-45/45),) 5.
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43

44

45

46

47

43

49

50

51

Continue plies from thinner portion along entire length of beam. Alternate additional
plies between continuous plies to form thicker section. Distribute ply drop-offs along

2.0 inch section to provide similar ratio of 0° to +45° plies along tapered section.

Machine Nomex core to taper both sides. Reduce thickness from 0.50 to 0.42 over
upper 2.00 inches of lower panel. Extend plies of upper panel (see note 32) below
corner. Drop out plies not needed for lower panel (see note 31) at rate of 4 plies/in in

each face.

Graphite/epoxy lay-up (see note 2): [0,/(45/-45/0)¢4]s.

Lay-up tube around web. Co-cure tube and web.

Ream aluminum 0.6250X0.0005. Install NAS-537-8P-105. Press flush with inner
surface. Ream bushing 0.500X0.0025. Countersink outer surface 100° x 0.68 dia.

Kevlar/epoxy lay-up (see note 2): [O4)ly. Longitudinal fiber axis along axis of beam.

Build up on outer surface of Gr/Ep tube before curing.

0.010 thick bond. See note 3. Use 0.010 glass beads to ensure constant bond-line

thickness.

Graphite/epoxy lay-up (see note 2). [0/90/45/45],.
Fold over outer 8 plies on either side of web to form 1.50 wide by 0.040 thick flange

on inner surface of tube. Co-cure web with tube.

Longitudinal fiber axis parallel to adjacent edge of web. Fold outer 2 plies on either

side of web to form lower 2 plies on flange.

Machine outer surface of Nomex before lay-up to reduce core thickness to 0.375

inches. Fill any gaps at free edge of panel with epoxy after curing panel.
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52

53

54

Install 0.198 dia x 0.25 long titanium shaft blind fastener (P/N MBF2111-6-250,

Monogram Aerospace Fasteners, Los Angeles, California, 90022)

Drop 0° K/Ep and 90° Gr/Ep layers from side rail section. Extend remaining layers
aft along beam. Alternate additional plies between continuous plies to achieve proper

lay-ups (see notes 12, 42). Add plies at corner.

Install 0.198 dia x 0.45 long titanium shaft blind fastener (P/N MBF2111-6-450,

Monogram Aerospace Fasteners, Los Angeles, California, 90022)

Graphite/epoxy lay-up (see note 2): [(0/90),}s.
Use 0/90 lay-up in upper and lower flanges of gusset. Fold over plies to create angles
plies against walls of tubes. Use continuous plies in upper and lower flanges. Splice

plies along walls of tube.

Install 0.198 DIA x 0.50 long titanium shaft blind fastener(P/N MBF2111-6-500,

Monogram Aerospace Fasteners, Los Angeles, California, 90022)
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/sEE NOTE 55

|
|
|

!
|
J
1
|
[0.20 THICK WEB
i SEE NOTE 45

—_— -4

DRILL | -|53 PLACE
ACE 0.6%6 - 0,050 DEEP
ATE FLUSH wnﬁt SURFACE

SEE NOTE 14

1
A

N

\

N




. 140
7
' l
. . 4 ! 0.188 TN#CK - 4 WALL
Y TAPER TO} 0.062
i ~
N _ ([ 7. ! j — 2130
) \\ Z ~ ! , ADHESIVE] BOND
s 7/ ) LORG C
; \ .\\ |
/ \\> Ao |
A YN )4’
AN \ \ N
\\ // L 0.090 THICK - 2 WALL
< SEE NOTE 11
)/ / LTAPER - 2 WALLS
SEE NOTE 13
R St G -




0.005 ADH

! N
SEESVE BO D—ﬁ

NOTE 38

1

|
|
|
|

|

SECTION H-H

0.i

{

DRILL | - |53
SPOTFACE 0.656 - 0. 05
BOND NUTPLATE FLUSH WITH St

SEE N

DRILL ON ASSEMH
INSTALL O.198 DIA BLIND FASTE!

1.62 DIA CORE HOLE

SEE NOTE 277

LY - 42 PLACE
R - 42 REQ'D
SEE NOTE 52

D

SEE NOTE p3 -

— ot

|

0.16 THICK - 5 WALLS
SEE NOTE 25

SECTION D-D

(280




\ I/ //7 N /4 T
‘ [ Ta WY
E /I _\*\"l/ AN |
T kK |
// "T/ +\I<\ / N\ \ | y
I/' ) \}/ X\ + 4
/ +/1/ + A, N/ %
Y AR %
N // 1-//‘%[L / L}r’ X \‘\/ z L
/ ,+/ 72 |
G / ///5 I IS NN
| RV 2N
. | /1,7 4
Hid ' // ,/’/// \) | s
' ~ 2

N¢ |0.20_ THICK WEB
| SEE NOTE 45

|

\CE

EP  DRILL | -,53 PLACE

\GEE 0.656 - 0.050 DEEP

14°E FLUSH WITH SURFACE
SEE NOTE 14

— |

N
-

X

<
yd

N

‘ SEE NOTE F3
I \
\\ :] \
!
|

\
\\
e

P

—_— —_ -
___“ — -————-—_—"_ -
‘\.L —_ e — = + BUILD UP 0.062
- + + + SEE NOTE 47
] C
DRILL |, 0.20 DEEP - B4 PLACE
SPOTFACE 0.656. 0.0%0 DEEP
BOND NUTPLATE FLUSH WITH SURFACE
SEE NOTE 14
N Dmu.non».ssmv-wmcs—j

290

300




A\

N\

Ve N
AN

0. 188 TH]

TAPER T0O{ 0.062

CK - 4 WALL

Z13C
\—— ADHESIVE| BOND
0.010 THICK
SEE NOTH 48
t
|
L 0.090 THICK - 2 WALL
SEE NOTE 11
~—TAPER - 2 WALLS
SEE NOTE 13
—~ vy I\ \—o.zo THICK - 2 WALLS
/ SEE NOTE 12
/ /// /
— 0.20 THICK WEB
/g \ SEE NOTE 45
7 / \
4 \
/ G |
\ \ \
\ / \ \
/ \ \ 7120
/

—BUILD UP 0.08
25 T SEE NoTE 4T C

CE
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l

PRESS IN NAS-§

[37-8F

y

ETAIL —DETAIL A




| 2"
3
: i PIVOT BOLT ADAPTER
1
0.040 SKIN | SEE
SEE NOTE 36
PRESS IN NAs-537—sP—102EE- 2 Rea'D 7140
' - I/é—-‘ 7
‘ |
0.005 BOND / |
SEE NOTE 38 7 - —H-
L — !

™= .090 MACHINE
B. ALLOW REF.

\>—3.

0.080 THICK
SEE NOTE 37

1
'
t
’
|
I
|
'

PRESS OUT ADHESIVE
TO FiLL CORNERS

SECT}HON B-B
!

2130

4




R S~ — — —_— pu—

—— —_— —_— —

YO

| e

S— e -
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Yeo
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SECTION B-B

2120

'T‘
=
<
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FRONT VIEW, SECTION B-B

[oRaw oy

J. RODERER
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DATE
15-JUN-90
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0.950 SKIN
NOTE 36 \

0.15 THICK
SEE NOTE 20

0.050 THICK
SEE NOTE 22

0.14 THICK
SEE NOTE 21

S N

EE NOTE 22

PANEL SUPPORT —

T
/
X\

- m———— e e e e e




~—— 0.15 THICK
SEE NOTE 20

0.050 THICK
SEE NOTE 22

— 0. 14 THICK
SEE NOTE 21
1ICK
E 3

1\ 0.64 THICK
A\ S NOTE 32

|
|
3
0.12 THICK FLANGE

SEE NOTES 16.54Q

0.12 THICK FLANG#
SEE NOTES 15, 50 #

0.12 THICK FLANG
SEE NOTES 18,50

e

ILL G - 4 PLACE
INSTALL 174 DIA x 0.35 LONG
ND DOLT 4 REQD
NOTE 35

0.040 THICK - 4 PLACE
SEE INOTE 49

2.0Q DIA CORE MOLE

0.010 THICK BOND
SEE NOTE 48

e —_ e

e e e




0.12 THICK WEB
SEE NOTE 17

0.12 WEB
SEE NOTE 49

\
|

JT-//'\\,_\QI\\%\\}/“ _
~ _ _ |
S — = — Am
+ + T |+ L + T i
. N _ —
SR A s L
_+’+ |+ + | + t _— T_.
— ] i
)]

et e

— L4

|




0

0.56 THICK P
SEE N

OTE 31

20 THICK - 4 WALLS
SEE NOTE 24

ANEL

BOND 8-36 INSERTS IN PANEL
INSTALL 8-36 BOLTS

ALIGN WITH RIVET HOLES

IN MATING HARDWARE

SEE NOTE 28

EXISTING SEAL ANSDEEHARDW\RE

NOTE

INSTALL

INSTALL

DRILL
0.198 DIA x 0.45 LONG

D
SEE NOTE 54




|
SEE NOTES 15.50
I

JUR—

0.12 THICK FLANG
SEE NOTES 18,
0.12 THICK FLANG
0.12 THICK FL
SEE NOTES 18, 50

DRILL G - 4 PLACE

INSTALL 1/4 DIA x 0.35 LONG

BLIND DOLT 4 REQ'D

NOTE 35

0.040 THICK - 4 PLACE
SEE |INOTE 49

2.0Q DIA CORE HOLE

0.010 THICK BOND
SEE NOTE 48

e e ——————— e - 4
|

——0.20 THICK
SEE NOTE 53

SECTION A-A




T
ﬁ

0.12 WEB
SEE NOTE 49

UNIVERSITY OF DAYTON RESEARCH INSTITUTE

™ REVISED A-7 AFT CANOPY FRAME

SECTION A-A, DETAIL A
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0.14 THICK SKIN
SEE NOTE 54

PRESS OUT ADHESIVE
TO FILL CORNERS

N

0.005 ADHSIVE BOND-
SEE NOTE 38 —\.\_ -

0.040 THCK SKIN——_
SEE NOTE 36

C Jj
0.080 THICK SKIN———\J O
SEE NOTE 37 J\ NG
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ND BUSHING IN PANEL - 4 PLACE
L 10-32 BOLT & NUT —-4 REQD
I SEE NOTE 33

B
INSTA|

10.64 THICK PANEL
K PANELH : SEE NOTE 32
NOTE 32 ;

|
|
;

. TAPER PANEL
‘R PANEL ‘ SEE NOTE 44

NOTE 44 |
|
0.56 THICK PANEL
]C§O$QN§L SEE NOTE 31t
SECTION F-F .
\
}
BOND BUSHING INPANEL -~ 4 PLACE —>
s INSTALL 10-32 BOLT AND NUT -~ 4 REQD
a SEE NOTE 34
| |
T |
!
N T
| ; i
__f | f
- ‘ :
_ f i
—

TRACE OF Z130
JE OF 21




PRESS OUT ADHESIVE
TO FILL CORNERS
0.14 THCK SKIN 1

SEE NOTE 54 i

0.005 ADHSIVE BOND ‘
SEENOTssa\__ __'+~_.._ _

0.040 THCK SKIN
SEE NOTE 36 @

0.080 THICK SKIN
SEE NOTE 37 l




{ESIVE ;
RS [ |
'\
] i . Va
v 1 37

: h

| ©—| &

! C _

SECTION E-E
i




T m -

| 0.56 THICK PANEL——"
SEE NOTE 31

i

E | SECTION F-~F
| |
j lNSTfL

AN

\

\

\\

BOND BUSHING INPANEL - 4 PLACE —
L 10-32 BOLT AND NUT -~ 4 REQ'D

SEE NOTE 34

'r\-

—f———

TRACE OF 2130

t
|
i
i
i
I

|
1
!
!
i

{
J

TRACE OF 2125

—

+——SEE NOTE 51
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SECTION E~E. SECTION F-F

DRAWN BY
J. RODERER

OATE
15-JUN-90
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0.20 THICK FLANGE - 2 PLACE “
TAPER TO 0.080
SEE NVIE =v

'@
\\

|
‘ 0.14 THICK
0010 BOND
sea NOTE 48 '[ SEE NOTE 21
| v
2 ‘ FILL AR
020 THICK WALL— SEE NOTE 39
TAPER TO 0.080 N | :
SEE NOTE 40 \ i
\ 0.005 ! ADHESIVE

SEE NOTE 38

DRILL #8 - 2 PLACE
INSTALL 0.198 x 0.50 LONG
BLIND FASTENER - 2 REQ'D
SEE NOTE 56

NN\ |
‘\HLL CORNERS |WITH Al
0.010 ADHESIVE BOND

SEE NOTE 48

L #8 - ACE
|NSTALL 0. 196 x 0 50
BLIND FASTE -2 H
SEE NOTE 56

SECTION G-G

0.050 [THICK P




T

i
NOTE 2
—FILL ARCH
SEE NOTE 39

|

ND 0.005 | ADHESIVE BOND
7 SEE NOTE 36
1.50 ‘ 1.50 DIA CORE HOLE
/!//—
e 0.080 THICK
/ SEE NOTE 37

|
i
|

IeK - — 0.050 THICK PANEL SUPPORT 0.090 THICK Iz
22 SEE NOTE 22 SEE NOTE 11 N\ / =
|
w7 ‘
0.56 THICK PANEL
SEE NOTE 31 TAPER WALL p
SEE NOTE 13 y l
y 4
0.20 THICK ———— o
. K p
— + —SEE-NOTE—t2 :
VE -FiLL CORNERS WITH ADHESIVE 4
ik i /
| 0%
. DRILL #8 - 2 RLACE - !
3 INSTALL 0.198(x 0.30 LONG 7
B.IND FASTENER - 2 REQ'D g P l
SEE NOTE 56 0.20 THICK WEB —
! SEE NOTE 45
surL 0.050 'mc / ; -
. ICK PANEL SUPPORT
NO SEE NOTE 22 v XN
&
l ! )Y 44 / g% TAP
‘ .\ /.7 \ ., \\ e : *E
PR el -




N A

i/ 13.00

TRACE OF 2134.50

- TAPER WALL
SEE NOTE 43

0. 14 THICK
SEE NOTE 41

e o

\_—0.188 THICK - 4 WALLS
TAPER TO 0.082 THICK

SEE NOTE 19
0.010 BOND - 4 WALLS
SEE NOTE 48




DRILL #8 - 2 PLACE —
INSTALL 0.198 x 0.50 LONG
BLIND FASTENER -~
SEE NOTE 56

i
'
i
!

[

IN G-G

N !
\ &FILL CORNERS | W11
0.010 ADHESIVE |

SEE NOTE 48
DRILL #8 - 2 RLAC

INSTALL 0.198(x ¢
BLIND FASTENER -
SEE NOTE 56

0.050 [THI

0.080 THICK \

BUILD UP P. O
SEE NOTE .

1.50 DIA HOLE ——

N\




0.090 THICK

I
|
|

50 Ti 0.050 THICK PANEL SUPPORT
NOT SEE NOTE 22 SEE NOTE 11
8 THI L 0.56 THICK PANEL
NOTE SEE NOTE 31 TAPER WALL
SEE NOTE 13
}
DHESIfFILL CORNERS {WITH ADHESIVE
) 0.010 ADHESIVE BOND
SEE NOTE 48
ILL #8 - 2 RLACE
) LONGISTALL 0.1968|x 0.50 LONG
IEQ'D LIND FASTENER - 2 REQ
FE NOTE 56 | 0.20 THICK WEB —
} SEE NOTE 45
!
>ANEL 0.050 'mcx PANEL SUPPORT
SEE | SEE NOTE 22
I
l

~

\

]

I /,‘
| 4

— =p g
DIA HOLE b
N | /\
i
| ,
/3 ‘; “
3\ K
4 / )/

/

THICK PANEL
TE 31




TRACE OF 2134.50

0. 14 THICK
SEE NOTE 41

TAPER WALL
SEE NOTE 43

SEE NOTE 48

\——0.188 THICK - 4 WALLS
TAPER TO 0.062 THICK

\ SEE NOTE 19

— 0.010 BOND - 4 WALLS

NOTE 42

ECTION C-C

UNIVERSITY OF DAYTON RESEARCH INSTITUTE

*' REVISED A-7 AFT CANOPY FRAME

SECTION C-C, SECTION G-G
ermu DATE
J. RODERER 15-JUN-90
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