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HELIOGYRO FRELIMINARY DESIGN

PHASE II FINAL REPORT

INTRODUCTION

This report summarizes the work pérfénmed under Mod. 5 of Contract
954709 for the Jet Propulsion Laboratory. The work included several
aspects of the preliminary design of a Heliogyro Solar Sail Module for
the Halley Rendezvous Mission. Mr. William Ruff was the Technical Pro-
ject Manager at JPL. The MacNealQSchwendler Corporation (MSC) was the
prime contractor and their work was directed by MSC's president,

Dr. Richard H. MacNeal. Astro Research Corporation (Astro) was a
principle subcontractor and their work was directed by Astro's president,

Dr. John M. Hedgepeth.

The project, which began in February 1977, was based on the results
of a short conceptual design study (contract 954680) conducted during
December 1976 and January 1977 by MSC and Astro. The objective was to
develop a Baseline Design of a Heliogyro Solar Sail Module on a short
schedule, to be considered for the Halley Rendezvous Mission in competi-
tion with a Square Solar Sail Module and, later, in competition with a
Solar Clectric Propulsion System. The main features of the Heliogyro
Baseline Design, including the work done at JPL as well as that done at
MSC and Astro, are reported in the '"Solar Sail Technology Readiness
Report," JPL Report 720-1, 18 July 1977. The main part of the work
done by MSC and Astro is reported in MSC's report number MS404-1, '"Helio-

gyro Preliminary Design, Final Report,'" August 24, 1977.

The present Phase II Final Report covers work done since that date

on the following six topics:

|




1
.

!
L.

1. Design and analysis of a stowable circular lattice batten for
the Heliogyro blade.

2. Design and analysis of a biaxially tensioned blade panel.

3. Definition of a research program for micrometeoroid damage to
tendons.

4. A conceptual design for a flight test model of the Heliogyro.

S5. Definition of modifications to the NASTRAN computer program
required to provide improved analysis of the Heliogyro.

6. A User's Manual covering applications of NASTRAN to the Heliogyro.

Separate memoranda and technical notes on these topics constitute the

body of the Phase II Final Report.
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INTRODUCTION

{ The Heliogyro concept was created in the mid 1960's by Astro
Research Corporation (Astro) and MacNeal-Schwendler Corporation
! (MSC) under the support of NASA Headquarters. References 1 and 2

summarize most of the results of that work.

Astro has a subcontract with MSC to support JPL in applying
the Heliogyro concept to the Halley Comet Solar Sailing Mission.
William Ruff is the Technical Project Manager at JPL. The work at
MSC is being led by Richard H. MacNeal - Program Manager, and at
Astro under the direction of Karl Knapp - Program Manager. John M.

Hedgepeth is Astro's Senior Scientist.

There are 12 blades in the Heliogyro design, and each blade is
envisioned to be 8 meters in width and 7,500 meters in length. The
@ blades are expected to be composed primarily of a thin membrane
constructed of material such as Kapton film with an aluminum reflec-
tive coating on one side and an infrared emissive coating on the
other. An overall view of the baseline Heliogyro is shown in

Figure 1.

This report is one of a series dealing with the design and
fabrication concepts of Heliogyro blades. 1In particular, this

report details the Heliogyro stowable circular lattice batten.




DESIGN

The Heliogyro blade requires chordwise battens at about 75-
meter intervals to hold the leading- and trailing-edge tension
members apart. These battens must be

l. capable of resisting a design limit compressive load of

approximately 6 newtons and temperatures of 600 kelvin,

2. tightly stowable on the blade reel, and

3. self-deploying when the blade is unrolled.

In addition, the batten should be of lattice construction so that
the thermal gradients through the cross section are small and so
that the reradiation from the batten will not produce hot spots in

the blade reflecting membrane.

The batten design that meets these regquirements is shown in
C) Figure 2, 1I' is co.structed of thin graphite/polyimide rods in a
circular, cylindrical lattice. There are six square longerons that
support the compressive load, and six 30-degree helical half-round
spirals, three in each divection, that provide support to the lon-
gerons to avoid local buckling. The longeron-spiral and spiral-
spiral intersections are staggered to aid fabrication (by avoiding

the criss-cross pileup) and minimize the local unsupported length

o TN RSO S

of the longeron.

The batten is fabricated in two halves and hinged together on
assembly. The hinges allow full compaction when stowed and expan-

sion to a circle when unrolled from the stowage reel.
Two important principles are included in the design:

1. Each half-batten is fabricated on a mandrel with a smaller
diameter than that of the finished batten.




2, The "hinges" are composed of interlacing fingers with no
hinge pin required. i
These two principles allow the batten, when fully deployed, to
behave structurally as if there were no hinge and the spirals were ]
continuous. Furthermore, they permit fabrication without the neces- g
sity of complicated joints. The tendency of each half-batten to
reach a diameter smaller than the batten diameter causes a preload 1
on the hinges, permitting moment carry through. It also produces
a force which actually holds the two halves together, resisting

possible spreading forces.

These principles arec not new. They have been discovered and
developed previously by Astro Research Corporation for solid tubular {
booms such as the Tablock BI-STEM. The application of the principles

to a lattice configuration is a new and important development.

Figure 3 shows a sample batten segment fabricated as a part of
the development of the design. It is constructed of graphite/epoxy i
(graphite/polyimide roving was not available) ard demonstrates the

geometry of the lattice halves and finger hinges,

An accurately constructed model which was used to demonstrate ‘
the stiength of the batten design for local buckling is shown in
Figure 4, This model was fabricated of graphite/epoxy as a complete

circle with no hinges. It is 12 cm in diameter and consists of: a

1onger°ns - . 0 . . . . ° o . 3 . o . 48 -mm Square

spirals . . . . . . 0.96-cm diameter half-round

The calculated buckling strength of the longerons couiacsidered

to be simply-supported columns between the intersections is

PI = 24.8 N
“theor
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An estimate of the general-instability buckling strength

(3 (involving deflection of the spirals) can be obtained by starting

= with Reference 3 and substituting in the appropriate stiffness of
the longerons and spirals. 1In this process, the axial stiffness of
the spirals must be ignored since there is no skin to cause cylinder
action (mid-plane stretching) to occur. The theoretical general-

instability load thus obtained after some effort is

= 20.
PGI 0.6 N

The measured strength is

P = 22.6 N
meas

which is very close to the theoretical strengths. The observed
(i) buckling mode involved cross-sectional deformation. The results
of the test establish an experimental determination of the amount

of spiral stiffness required to make the general-instability load

approximately equal to the local-kuckling strength.




ANALYSIS

Let longerons be square with thickness t Let the helix

L -
angle be 30 degrees and the ratio of stiffener area to longeron

area be I, - The buckling loads are then

Euler column
buckling:

Local longeron ¥y - %}

buckling: R

4
EtL
2

Equation (2) is derived by assuming that the longerons go through
the spiral intersections. By staggering the longerons and inter-
sections, we get a potential local buckling load four times this
much. Letting PL/PEU = 1 actually gives a factor of four on local
buckling provided that enough stiffness is incorporated in the
spirals to produce stabilization of the intersections and avoid

general instability.

Manipulating Egs. (1) and (2) gives

8




ol

- PEU
] (5)
3n E:tL
3P2 1/6
EU
2 5 (6)
4 2
8 EPL L

The volume of material in the longerons and spirals is

Let

"

2
6L t& (1+ ZrA)

2.2 -1/3_5/3 1/3
4(1+ ZrA) (31°E%) L (prEU) (7)
8 m
124.8x109 N/m2
3
1550 kg/m
1656x10"6(1+2r)(pp )1/3 " 8
‘ A { EU (8)
-4 1/6
1.858 x 10 (PLPEU) m (9)
2.24x10-2(PL)-1/6 m (10)
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Mass = 0.00257(1+ 2r,) (P yM Y gp (11)

+FEu

where PL and PEU 1s expressed in newtons.

i For a trial design, set

PEU = PL = 12 N

then

R = 3.39 cm

tL = 0.425 mm
During stowage, the spiral material must elastically deform

with a nominal strain of

€ o (12)

The allowable nominal packaging strain is a cr-_licated function of
materials and detailed fabrication methods. We assume for prelimi-
nary purposes an allowable value of 0.005 for graphite/polyimide.

The trial design above gives

L 0.425

2R 2x33.9 0.00627

which is slightly too large.

From Egs. (9) and (10) we get




% = 4.14 x 10-3(94) s (PEU)-J‘/6 (13)
For tL/2R = 0.005, and PL = 12 N. This gives

PEU = 46.7 N

R = 5,33 cm

t& = 0.53 mm

The strengtl test described earlier demonstrated that sufficient
support is given to the longerons by the spirals if their cross

section is half-round with a diameter of 2t£’ For this case

and the basic mass of an 8-meter-long batten is 87.6 grams. To this
must be added masses to account for the finger hinges and end

fittings.
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Longerons
.53 mm
square

Spirals
1.06 mm dia
half-round

Mating Longerons
.53 mmx .265 mm

Note: Each half batten molded on 7.1ll-cm dia
' mandrel from graphite/polyimide roving.

Figure 2. Sketch of batten with dimensions showing a
segment of lattice material (flattened) and i
a cross section of assembled batten.




a. batten halves

c. flattened batten segment

Figure 3. Demonstration batten segment.
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INTRODUCTION

The Heliogyro concept was created in the mid-1960's by Astro
Research Corporation (ARC) and MacNeal-Schwendler Corporation (MSC)
under support of NASA Headquarters. References 1 and 2 summarize
most of the results of that work.

ARC has a subcontract with MSC to support JPL in applying the
Heliogyro concept to the Halley Comet Solar Sailing Mission. )
William Ruff is the Technical Project Manager at JPL. The work at
MSC is being led by Richard H. MacNeal, Program Manager. At ARC
the work is being led by Karl Knapp, Program Manager. John M.
Hedgepeth is ARC's Senior Scientist.

There are 12 blades in the Heliogyro design, and each blade is
envisioned to be 8 meters in width and 7500 meters in length. The
blades are expected to be composed primarily of a thin membrane
constructed of material such as Kapton film with an aluminum reflec-
tive coating on one side and an infrared emissive coating on the
other. An overall view of the baseline Heliogyro is shown in
Figure 1.

This report presents the results or efforts made to eliminate
the built-in wrinkles and pretensioned panels in the baseline design.
The design was based on the data obtained from scale modeling per-
formed at ARC and incorporates the results of previous analyses
concerning wrinkles and membrane tensioning (References 3 and 4).




ABSTRACT

In the baseline Heliogyro design, wrinkles and pretensioned
film panels control the dimensional changes in the film which ac-
company thermal variations. However, wrinkles in the film affect
both vehicle performance end dynamic stability. Thus, another
method of tensioning and supporting the film panels was sought to
allow for the expansion/contraction of the film material without
the presence of wrinkles.

A program of model making was initiated, coupled with a review
of the previous analysis concerning wrinkles and sail panels. The
experience gained in this program suggested a new panel-support
design (see Figure 2). This design consists of biaxially-tensioned
film panels with parabolic edge members supplying the distributed
constant edge loadings.

The support system for each panel extends underneath the
adjacent inboard and outboard panels (and vice versa) producing
a high sail-to-vehicle area ratio. This interlaced design is
biased towards the center of revolution to compensate for the
radially varying centrifugal loading of each panel. With suitable
variations of panel lengths, edge member tensions, and pivot point
locations, this design will be applicable to ail radial stations
of the 7500-meter Heliogyro blade assembly.




DISCUSSION

The requirement for no wrinkles in the Heliogyro film panels
has several far-reaching effects on the design of the attachment
method for the film. This can be understood best by considering
the reason for the presence of wrinkles in the baseline design.

The panels had to be assembled with built-in sag and pretensioned
chordwise strain to accomodate displacements resulting from thermal
expansion and contraction of the film during a mission. The effects
of not compensating for this strain are explained in Reference 4

and consist of the unloading .. f the edge members durin3jy film con-
traction and the production of chordwise wrinkling during expans:ion.

Although the baseline design can accommodate the thermal strains
of the film panels without significantly changing the stress dis-
tribution in the blade assembly, there is an impairment in perform-
ance of the Heliogyro from 5 to 10 percent due to the presence of
the compensating slack in the film panels, The slack and accom-
panying wrinkles also have undesirable dynamic characteristics
because they may introduce periodic loading patterns near the
natural pitching frequency of a blade assembly. The slack in the
baseline design was necessary due to the difference in the expan-
sion coefficients of the film membrane and the graphite edge mem-
bers. For the projected thermal extremes, the graphite polyimide
may be considered invariant, while the Kapton will change by *0.75
percent in the chordwise direction and *0.69 percent in the spanwise
direction. Thus, unless relative motion is allowed between the
graphite polyimide edge members and the film, wrinkles are inevit- \
able.

Another separate, though related, effect investigated in the
modeling study was the problcm of edge curl. If the material forms
a closed cylinder at the free edge of a tensioned membrane, actual
disintegration of the material may occur in the "solar oven" created
by the curl. 1Incoming radiation is trapped within the dead space
enclosed by the curl so that the temperature of the curl exceeds
the melting point of the Kapton. 1If the edge of the film is rein-
forced with additional material, the curl can be controlled as in
the designs which incorporate tension members bonded directly to
the Kapton. However, bonding a dissimilar material to the Kapton
ciz2ates problems of differential expansion. Therefore, a design
was sought which supports the panel and eliminates all corditions
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\ where curl and wrinkles might occur. If the material is cut away

‘ at a free edge in a parabolic scallop between supports, previous
@ia analysis has shown there will be no curl (Reference 4).

‘ Thus, the requirements for the new design were an absence of
wrinkles under all thermal conditions while maintaining acceptable
stress levels in the film panels. Previous analysis was available
. describing wrinkles in tensioned membranes, but its application to
Heliogyro panels had to be experimentally demonstrated. This is
due to factors, such as a high aspect ratio, a varying body loading,
and extreme temperature variations, whi~h make a straightforward
analysis of the wrinkle properties of the Kapton difficult. The
starting point of the modeling programn verified the worst case
indicated by the previous analysis (Reference 3). This case showed
that, whenever one of the principal menbrane stresses vanished,
wrinkling occurred parallel to the line of principal stress (see
Appendix A, Figure A-1l(a)). If the chordwise and spanwise stress
are nonzero and positive, wrinkling should not occur. Practically,
however, we find that if the ratio of one principal stress to
another is large, say 50:1, wrinkling is possible.

Using the values N, for chordwise stress and N,, for spanwise
stress, one of the objectives of the test and modeling program was
to investigate the value of Nx/N at the threshsld of wrinkling.

would help minimize the styess level in each panel which would,

. This number would be helpful in ¥he Heliogyro design because it
QEW
in turn, lengthen film life and reduce long-term creep.

LM e
—




MODELING

A detailed account of the modeling process is found in Appen-
dices A and B. A system of attaching the edge members to the film
material was developed which allowed relative motion. Variations
of woven, preformed, adjustable, and catenary-type edge members
were made, resulting in an applicable system designed for solar
sail requirements. (Typical models are shown in Appendix A, Figures
A-1 through A-3.)

These preliminary models were made of 0.000l1-inch mylar with
an aluminum coating similar to the actual sail material. As the
models became more representative of a feasible support system,

a larger 1l- by 2-meter panel was constructed out of 0.00025-inch
aluminized mylar. This model had parabolic top and side edge mem-
bers attached by flexible mylar loops bonded to the panel through
which the polyimide edge members were threaded.

The lower edge of the model was loaded by a Whiffletree
arrangement which distributed a concentrated central load to the
entire lower edge of the panel. By individually changing the loads
on the edge catenary members and the bottom edge load, different
values of Ny, N,,, and NX/Ny were obtained. Table B-1l in Appendix
B lists the loagings which were studied. Because of the textured
nature of the 0.00025-inch mylar and some creases which were inad-
vertently created in the panel during assembly, all the photographs
of the 1l- by 2-meter panel show a partially wrinkled surface.

Consequently, these photographs (shown in Appendices A and B)
do not adequately reflect the degree of flatness which some loading
points represent. A system of photographing the panel was developed
which used backdrops, flash lighting, and a reflected grid back-
ground (see Appendix B). Even with this special effort to high-
light the wrinkle patterns developed (or the lack of them), the
film properties of this specific model always adversely affected
the clarity of the photographs. Thus, in Figure B-12, Appendix B,
there is no overall wrinkle pattern, which indicates a flat panel.
However, the four distinct patterns of wrinkles shown in the photo-
graph appeared throughout the testing and were inherent with the
material used. Nevertheless, as much use was made of the l- by 2-
meter model in the time permitted.

One particularly interesting pair of photographs, having the
same edge member tensions, are shown in Appendix B, Figures B-1l
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and B-2. The difference in the wrinkle patterns is due to the
adjustment of the edge catenary, resulting in @ slightly greater
horizontal, or chordwise, stress (Ny) applied to the model. The
approximate values of N, may be computed by the expression

Nx = T/R

where T is the tension of the edge member, and R is the approximate
curvature over the arc length. For this case,

R = 10 meters
T = 2.5 N

N = 0.256 N/q
X

The effect of a l-cm increase in the arc depression at this load
could only account for, at most, a 20-percent increase in N,. Since
it did not appear that this alone could be responsible for the
presence of so many wrinkles or such a well-developed wrinkle pat-
tern, another factor was assumed to be operative. Further experi-
meritation and repetition of this test point was performed. Although
the edge member of the catenary is flexible and conforms to the out-
line of the catenary in the sail, after it emerges from the sail it
must follow the tangential extension of the curve defined in the
panel cutout. If it does not follow this extension, a constant dis-
tributed load transmitted from the edge member into the panel will
not be realized. Thus, once the curve is cut into the panel and

the edge member is properly aligned with the tangents at the ena
points, the only adjustment possible without changing the load
distribution is the tension in the edge members.

Another factor which affects this situation is the elastic
properties of the panel itself. That is, as Ny increases, the
length of the panel changes, much as the full-size panel will
change due to thermal variations. For edge members of this design
to work under different loads and dimensional variations, some
allowance must be made for ccntinuous alignment of the tension
members to the panel curve. If the length of a free edge member is
short in comparison to the length threaded through the panel, a
mechanical means of moving the edge member, relative to the panel,
would have to be devised. However, if the point of support for the
edge member is distant, relative to the panel, small variations in
the location of the end of the panel will not affect the line of
action of the edge member due to the small angles involved.
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These factors explain the reasoning behind the long stringers and
edge members discussed in the suggested alternative design covered
in the next section.

In regard to the determination of the threshold ratio of Nx/Ny
for wrinkling to occur, this was found to be too complex to be ex-
haustively examined in a test program of this scope. 1In general,
if this ratio was greater than 0.1, the wrinkles present could be
eliminated by adjustment of the edge members. For ratios less

than 0.1, the presence of wrinkles was not only a function of Nx/Ny,

as the absolute load level of either load also seemed to be a fac-
tor. As the loads became higher, the method of adjusting the
position of the edge members and the precision of the layout of the
edge members became more critical.

In addition, the low aspect ratio of this model did not allow
the end effects to distribute themselves over the width of the
panei. This could have been partially alleviated by increasing
the number of attachment points of the Whiffletree, but time did
not permit this., Thus, in Figure B-15 (Appendix B), although
Nx/N = 0.02, it is still difficult to tell if the wrinkle pattern
deveioped is due to the overall loading, or just the higher stress
concentrations in the regions of the lower attachment points.

o




SUGGESTED DESIGN ALTERNATIVE

The results of the modeling indicated that, for a film support
system to prevent wrinkles and still maintain a low level of stress,
the positions and alignment of the supporting members had to be
accurately placed. The alternate design presented by Astro Research
satisfies the geometric and kinematic requirements for the support
of the edge members (see Figure 2 and the enclosed sketch, SK1868).

The biaxially tensioned panel design, as seen in Figure 2,
tensions the film such that no wrinkles will occur under any thermal
variation encountered by the Heliogyro. Each panel is supported
at each edge by parabolic tension members designed to impart the
correct distributed load for that region of the panel. The use of
interlocking parabolic end members allows for a minimum expansion
gap between sail panels, as the ends of both panels are parallel
and rectangular.

The elements of the single-panel support system, shown in
Figure 2, are:

Item Description
A* Collapsible lattice battens
B* Outer edge members: tension varies from minimum

at the tip to 650 N at the root

c Inner panel edge members: tensioned at 42 N,
l-mm in diameter, and constructed of polyimide
graphite

D* 2-um film material

E Polyimide graphite flat ribbon: connects film to
parabolic tensioned members

F Inboard parel end parabola: supports centrifugal
load of panel

G Outboard panel end parabola: maintains minimum
tension along outboard end of each panel

H Location of negator retractor for "G": maintains
constant tension for 0.75-m extension (see SK1868,
Detail A)

I Panel edge reinforcement

*Existing member in baseline design.




This arrangement of supporting members produces a minimum edge
tension of 0.0125 N/m at each edge of the panel. Because of the
slight chordwise contraction of the outer edge of the outboard end
parabola, the stress in the center portion of the outer end of each
panel will be reduced by approximately 50 percent. However, the
stress ratio of Nx/Ny will not be radically affected, as the span-
wise stress, Ny, is also at a minimum here.

Similarly, at the inboard edge of each panel, the spanwise
tension is the greatest, varying from panel to panel depending on
the radial station of the panel. 1In no case is it less than
0.0125 N/m, and it is a maximum of 0.7 N/m at the tip. Since
0.7 N/m+ 0.0125 N/m is approximately 56, a shorter panel length is
suggested for the more distant outboard panels.

The expansion and contraction of each panel during temperature
changes is taken up in large part by the negator spring which regu-
lates the tension in the outboard parabola. The inboard end of
each panel remains stationary relative to the edge members during
expansion and contraction of the panel (except for chordwise motion).
As the panel expands, the looped edge members allow it to slide,
relative to the long, edge catenaries. The chordwise changes in
the panel are accomodated by the large-radius, small-angle devia-
tion of the edge catenaries, which are tensioned by a rocker arm
scissors mechanism connected to the main edge members (see SK1868,
Detail A). The displacements and loads for all temperature extremes
have been calculated and appear in Appendix C.
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SUMMARY AND CONCLUSIONS

Because of the difficulty of treating the problem of wrinkles
from a strictly analytic viewpoint, a series of scale-model film
panels were nade. Various configurations and methods of attach-
ments were attempted, and ultimately a larger 1l- by 2-meter panel
was constructed. The relationship between stress levels, precision
of application, and precision of loading was more apparent in the
larger model. Once a satisfactory method of supporting the sail
panel had been obtained, the problem of thermally-induced dimen-
sional variations was examined and a promising solution has been
outlined.
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PROJECT: EC-404, Heliogyro Preliminary Design

MEMO NO: RHM-21

DATE: August 9; 1977

SUBJECT: A Research Program for Micrometeoroid Damage to Tendons

REFS: 1. R. H. MacNeal, 'Meteoroid Damage to Filamentary Structures,'
NASA CR-869, Sept. 1967.

2. Maiden, C.J., and McMillan, A.R., "Protection Afforded a Space-
craft by a Thin Shield," AIAA J., Vol. 2, No. 11, pp. 1992-1998,
Nov. 1964.

3. Bamford, R., '"Micrometeoroite Damage to Heliogyro Tendons,"
J.P.L. Interoffice Memo 354:77:157, June 27, 1977.

4. MacNeal, R.H., "Extrapolation of Hole Size due to Micrometeoroids,"
MacNeal-Schwendler Corp. Memorandum RHM-19, EC-404, July 20, 1977.

1. INTRODUCTION

A significant weight penalty (of the order of 300 kg) is paid against
the micrometeoroid hazard in th. baseline design. Estimates of the amount
of weight required vary by a factor of four or more, because of uncertainties
regarding the damage caused by meteoroids. There are uncertainties rega:ding
the physical distribution (density, velocity and flux) of meteoroids, but
even larger uncertainties exist regarding the damége caused to an edge
tendon by a meteoroid with given size, density and velocity. It is proposed
that, in order to reduce the range of uncertainty, a research effort be
undertaken which concentrates on the damage to one-dimensional structures
similar to those proposed for the edge tendons of the Heliogyro, using

current estimates of the physical distribution of meteoroids.

The study should employ both analytical and experimental methods.
Experiments are necessary because the available experimental data was

obtained at unrealistically low velocities, and because no data at all is
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(f) major source of uncertainty in the meteoroid hazard.
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| The results of the study will be useful in the future for the design of

E any large space structure. The most efficient way to carry a small load for

& long cdistance is to use a framework of extremely slender tension and

f compression members, rather than panels. In the case of large structures
for space, the member sizes tend to be in a range where meteoroid damage is
an important consideration. Examples: Heliogyro edge tendons and battens,

square-sail ties, Astro masts.

2. REVIEW OF CURRENT STATUS

gw' Although a literature search has not been made, it is the opinion of

5:( qualified personnel at JPL that no work on micrometeoroid damage to fila-

;’_ (i) meﬁtary structures has been published between Ref. 1 (1967) and the present
time.

Reference 1 defines a procedure for calculating the probability of
failure of a filamentary structure due to micrometeoroids. The procedure is,
in part, based on the expe}imental data that was available at the time and,
in part, on assumptions regarding physical behaviour which are unsupported
by experimental data. The critical assumptions are in regard to the extra-
polation of hole size tfor normal particle incidence from experimental
velocities (2-8 km/sec) to meteoroid velocities (~30 km/sec), and in regard

to the damage caused by grazing incidence.

The procedures of Ref. 1 were used at MSC and at Astro in January 1977

to estimate meteo.oid damage to the edge tendons of the Heliogyro. The
‘[] estimates indicated that the probability of failure was less than 1/10th

percent for a trifilar edge tendon with 265 kg total weight.
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Later, Bamford at JPL discovered numerical errors in the procedure of

Ref. 1 for the extrapolation of hole size for normal incidence, and sub-

stituted an extrapolation proposed in Ref. 2, which gives much larger holes.

He retained the assumptions of Ref. 1 regarding grazing incidence and used

a current estimate of meteoroid flux distribution which is more severe
1 than that in Ref. 1. With these modifications to the procedure, he found

that the trifilar design has nearly a 100% probability of failure. He then

25 A
t.i'~ Z

proceeded to develop an edge tendon design with five .001 in. tapes that

weighed about twice as much as the trifilar design, and which he found

(Ref. 3) to be barely acceptable (4% probability of failure).

Recently, MacNeal (Ref. 4) has proposed another method for extrapolating

'w}im;“
Koo ke o ) Lo
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the hole size for normal incidence which gives much smaller holes than the

method used by Bamford, but which also fits the available experimental data.

Ty T Aape— . A

(I\ In any case, it may be concluded that we really don't know how to extra-

polate he hold size for normal incidence., but that it makes a big difference.

The situation with respect to grazing incidence is even worse. The
basic assumption of Ref. 1 was simply to take the hole size for normal inci-
denc; and divide it by the sine of the incidence angle, a procedure which,
it must be said, is quite reasonable for particles that are very large
compared to the thickness of the sheet. Calculation showed, however, that
a mathematical singularity (i.e., a 100% probability of failure) exists for
an edge-on hit. The singularity was removed by the semi-rational assumption

that a particle striking the tape at a small incidence angle will break the

tape orly if it can also break a solid round wire with the same cross-
sectional area. Even so, calculations based on the theory show that most

of the damage is done by very small particles at grazing incidence angles.
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Justification for the grazing incidence theory of Ref. 1 is slender
indeed; Experimental and analytical evidence presented in Ref. 2, show,
fairly conclusively, that meteoroids traveling at 30 km/sec will be vaporized
when they strike a target, even a very thin one. If this is so, then it
could be reasoned that the back end of a high-velocity particle striking a
target at low incidence will be vaporized before it reaches the target and
that the resulting damage to the tape will be surface scorching which
spreads out from the initial point of contact, rather than an elongated
hole. In this case, failure of the:tape could be computed from the im-

pulsive load caused by stopping the normal momentum component of the particle.

Such calculations have not been made.

Again, we don't know much about grazing impact but it makes a big
difference. For éxample, consider the choice of flat tapes vs. curved tapes.
If meteoroids simply continue in a straight line and make holes just big
enough to pass through, then curved tapes are better than flat tapes
because the problem of extremely elcngated holes at low incidence is
avoided. On the other hand, if the vaporization theory is correct. then
curved tapes might be worse than flat tapes because the gas released by
the impact will cause higher pressures on the tape. In summary, the °
current status is that we lack a reliable procedure for calculating
meteoroid damage. One is needed because, by current (unreliable) estimates,

the weight required to counter the meteoroid threat is significant.

3. PROPOSED RESEARCH PROGRAM

3.1 Experimental Program

Facilities are available which can accelerate small particles to the

meteoroid range (30 km/sec). It is proposed that such facilities be used
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with targets similar to those proposed for the Heliogyro edge tendons (i.e., |

= /,ﬂ ’
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thin graphite-polyimide tapes). Many firings will be required to cover the
ranges of the relevant parameters. The following parameter ranges are

recommended:

1. Particle velocity (10 km/sec to maximum available velocity)

2. Particle mass (10-6 grams to 10'4 grams)

3. Particle density (two or more values including one that is near

0.5 gm/cms. This might be achieved with hollow spheres.)

4. Incidence angles (90°, 20°, 10°, 5°, 2.5%, 1°)

“ﬁow TN ——

S. Target thickness (.001 inch). Target thickness can be varied

instead of particle mass, if particle mass and velocity parameter

-
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ranges cannot be met.
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Target width (1 cm to 3 cm)
7. Target length (10 cm or more)
] .
% 8. Target materials (graphite polyimide tape, aluminum tape)

9. Tension in target material (zero, 1/3 ultimate stress, 2/3

uicimate stress)

10. Target chordwise curvature (included angle = 0°, 30°, 60°)

a2 2 ’q’ ""‘W‘W"‘"ﬂ':‘w"‘" .

] Combinaticns of parameter values should be carefully selected vo maximize
the value of the knowledge gained for a given cost. This will require that

some analytical work precede the expeviments.

A Second set of experiments is recommended to validate proposed
designs of tendon assemblies, by observing damage when a member is partially

or completely cut.

It may also be necessary to study impulsive failures of individual tapes

WA ATTR A PR NN YIS RN T ORI ‘l;ﬁr“-
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{f with a separate facility, where the impact is simulated by explosive charges

f or nther means.
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3.2 Theoretical Program

A theoretical program is needed to provide empirical formulas that can
extend test data to new cases and which can be used to design structures.

Research in the following areas is suggested:

a. Natur: of the impact. Size and shape of the hole. Phase (solid,
gaseous) and angular distribution of the debris. Surface damage
when there is no hole. Research in this area involves physics,
fluid dynamics and thermodynamics.

b. Failure of tapes due to impulsive loads. Research in this area

involves analysis based on structural dynamics principles.

c. Design of redundant systems. How many tapes. How wide. How
far between load transfer points. Research in this area involves

probability theory and detailed stress analysis. 1

B
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PROPOSED MODIFICATIONS OF NASTRAN TO IMPROVE HELIOGYRO ANALYSIS

1. INTRODUCTION

The NASTRAN computer program has been used in the Solar Sail design
project to perform dynamic analysis of the Heliogyro. The dynamic charac-
teristics of the Heliogyro are similar to those of a conventional hali-
copter rotor, but the differences are sufficiently great that computer
programs designed for conventional rotor analysis (such as the SADSAM
program, Ref. 3) cannot be used without extensive modification. Although
the NASTRAN computer program has no specific capability for rotor analysis,
it is, in general, extremely versatile and easy tc modify and has the
required capacity. The decision to use NASTRAN for analysis of the Helio-
gyro has been justified by the results that were achieved, but exper-
ience in that effort also indicates the need to improve some aspects of
NASTRAN to provide a more usable and less costly analysis procedure.

This report outlines the tasks which are considered necessary to carry

out the required analysis types (dynamic stability analysis and trans-

ient response analysis) in a design environment.

2. IMPROVEMENTS TO THE HESSENBERG METHOD OF COMPLEX EIGENVALUE EXTRAC-
TION

2.1 Background

NASTRAN includes three methods of complex eigenvalue extraction,
but the only efficient method for general use is a transformation method

called by the keyword "HESS.'" In this method, the second order equations




of dynamic motion are converted to first order form and are then trans-
formed by Hessenberg reductioni to upper Hessenberg form. The QR-method
is used to compute the eigenvaliies, and inverse iteration is used to

compute the eigenvectors.
The present version suffers from the following limitations:

1. All coefficients must remain in memory. In prior Heliogyro
work, this led to a limitation of about 40 dynamic degrees of

freedom.

2. The logic for limiting the number of eigenvectors to be com-
puted is deficient, requiring that all be computed if any are

needed.

3. The solution is sensitive to matrix scaling. The Heliogyro
has low natural frequencies (.005 cycles/sec). It was found
necessary to scale the equations of motion so that the lowest
natural frequency was near 1 cycle/unit time in order to obtéin

reliable solutions.

4. The mass matrix is inverted, requiring it to be nonsingular.
The solution becomes less reliable if it is nearly singular.
While this limitation can always be avoided, the resulting
modeling techniques become tedious and nnecessarily compli-

cated.

2.2 Technical Approach

The size limitation will be expanded by rewriting the algorithm to
release unneeded space in memory. The user will have the ability to
define the region in eigenvalue space where eigenvectors are to be deter-
mined. Matrix scaling will be done inside the solution process, making
it transparent to the user. Two options for allowing singular mass

matrices will be investigated.
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2.2.1 Relaxing Size Limitations

The upper Hessenberg matrix has nonzero terms on and above the
diagonal, and on one subdiagonal. It is proposed that this matrix be
transposed, and given another Hessenberg reduction, so that it becomes
both upper and lower Hessenberg in form, i.e., tridiagonal. The eigen-
values and eigenvectors of tridiagonal matrices with several thousand
degrees of freedom can be solved with all coefficients in memory. Since
this is far beyond the requirements of the Heliogyro analysis, the only
operation that requires further consideration is the Hessenberg reduction
itself. Wilkinson (Ref. 1) has stated that the second Hessenberg reduc-
tion has some theoretical shortcomings with respect to numerical stab-
ility, but that in practice these become evident on only a small range of

pathological problems.

The basic Hessenberg reduction is defined by the equations
[A] [N] = [N] [H] (1)

(See Ref. 1, p. 355-412.) [A] is the matrix whose eigensolution is to
be found, [N] is a unit lower triangular matrix, and [H] is the upper

Hessenberg form of [A].

Reference 1 describes a technique for performing the reduction in
memory by overwriting terms of [N] and [H] on [A] as the terms are com-
puted. This results in a storage requirement of Z(Ni + NA) words for
single precision, complex matrices where NA is the number of columns in
[A]. Since the present method requires 6Ni + 8Ny words, considerable

improvement can be made. This would raise the present limit of about 40

degrees of freedom to about 70 degrees of freedom for computers similar

a3n
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in capacity to the Univac 1108 used in previous Heliogyro work. Seventy
degrees of freedom (modal coordinates) is regarded as adequate for Helio-

gyro work. Higher capacity is available on larger computers.

The present QR iteration for eigen&alues requires storage of [Q],
a full unitary matrix, [R], an upper triangular matrix, and [A], which
is almost triangular in form. This results in 4(N§ + NA) words for single
precision, complex matrices, which would become the new limiting factor.
However, as mentioned above, another stage of Hessenberg reduction will
be performed on [A]T, so that both it and the [Q] and [R] matrices will
retain their tridiagonal form throughout the iteration. Thus, the

required storage will be that for the Hessenberg reduction, 2(N§ + NA).

At some future date, consideration will be given to the addition of
spill logic to HESS. This will remove thé limitation on problem size
imposed by available core memory, but the practical limit imposed by
cost considerations is at present not much larger than seventy degrees

of freedom.
2.2.2 Restricted Eigenvector Calculation

The user will control the number of eigenvectors calculated and
output by the method described in remark 8 on the modified EIGC Bulk

Data card shown in Figure 1.
2.2.3 Scaling of Coefficient Matrix

The [A] matrix will be equilibrated to avoid scaling problems,

using the method described in Ref. 1, pp. 356-357. The basic equation is

T A — T -
PR— g
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BULK DATA DECK
(t’f) Input Data Card EIGC Complex Eigenvalue Extraction Data

-

Description: Defines data needed to perform complex eigenvalue analysis.

§

L /’////’/,
—_— a
— -‘-7]
a2 b
F Format and Example:
1 2 3 a 5 6 7 8 9 10
t'i E16C SID  |METHED NPRM 6 | ¢ 3 +abc
‘E’ ; EIGC 14 HESS poINT | 27 | 1.-8 ABC
1 @) = —
' é ' [+abe “ai | “a %n1 1 | & Ne ‘d1 +def
'} +B8C 2.0 5.6 2.0 -3.4 2.0 4 4 DEF
= ] T e
{ +def %a2 I “a2 %2 “02 *2 ‘e2 “d2
- ofF 5.5 | -5.3 5.6 | 5.6 1.5 6 3
F | (etc.]
bl
F é Field Contents
g | S10 Set fdentification number (unique, Integer > 0).
i
{ METHED fethod of complex eigenvalue extraction, one of the BCD values "INV," “DET," or
HESS.*
i INV - Inverse power method
DET - Determinant method*
HESS - Upper Hessenberg method
NORN Method for nomalizing eigenvectors, one of the BCD values "MAX" or “"POINT."
MAX - Normalize to a unit value for the real part and a zero value for the
imaginary part the component having the largest magnitude.

PRINT - Normalize to a unit value for the real part énd a zero value for the
imaginary part the component defined in fields § and 6 - defaults to
"MAX" {f the magnitude of the defined component is zero. PQINT 1s not
available for modal formulations.

©

(Continued)

Figure 1. Modified EIGC Bulk Data Card.
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O NASTRAN DATA DECK

EIGC (Cont.)

G . Grid or scalar point identification number (required if and only if N@RM=PQINT)
Integer > 0). .

c Component number (required if and only if NPRM=P@INT and G is a geometric grid point)
(0 < Integer < 6).

E Convergeiace criterion (optional) Real > 0.0)

(G.Jn ‘I'.J) .
Two complex points defining a 1ine in the complex plane (Real)

lj Width of region in complex plane (Real > 0.0)

N.J Estimated number of roots in each region (Integer > 0)

Ndj Desired number of roots in each region (Default is 3Nej) (Integer > 0)

Remarks: 1. The preferred method is HESS, provided that sufficient main storage is available.
Insufficient storage for HESS will cause the program to switch to INV.

2. Each continuation card defines a rectangular search region for METH@D=INV or DET.
Any number of regions may be used and they may overlap. Roots in overlapping
regions will not be extracted more than once.

Complex eigenvalue extraction data sets must be selected in the Case Control Deck
(CMETH@D=SID) to be used by NASTRAN.

4. The units of a, w are ~udilains per unit time.
5. At least one continuation card is required.

6. For the determinant method with no damping matrix, complex conjugates of the roots
found are not printed.

0
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w

See Section 10.4.4.5 of the Theoretizal Manual for a discussion of convergence
criteria.

v
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8. For the Upper Hessenberg Method controls the number of vectors

!
> dl
computed. All vectors for roots in the area defined by the (a, w)
pairs will be completed and output, if these values are input,
regardless of the value of Ndl'

The required working storage for the Upper Hessenberg Method is given by

2

W = 6N° + 8N

where N is the order of the stiffness matrix if there is no camping, and twice the
order of the stiffness matrix if damping is present.

If Method = HESS. the mass matrix must be nonsingular.

Figure 1. Modified EIGC Bulk Data Card (Cont.)
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where P D] is a diagonal matrix.
2.2.4 Allowance for Singular Mass Matrices

Two techniques will be investigated. The easiest to implement in-
volves shifting the eigenvalues of the problem. Instead of inverting
the mass matrix [M], the shifted matrix [ng +pB + K] is inverted.
This allows singularities in [M] to'be repressed by terms in the other
matrices. This technique has proven effective in the modified Givens

method in MSC/NASTRAN.

An elegant but more difficult method identifies singular degrees of
freedom in [M], and reduces the size of the problem in a manner analogous
to static condensation, (see Ref. 2). Although this method may cost
more to implement, the reduction of problem size operates favorably on
the cubic cost curve typical of transformation methods, by suppressing

the uninteresting infinite frequency modes of the system.

IMPROVEMENTS TO THE TRANSIENT RESPONSE CALCULATION MODULES

.1 Background

The transient response modules are the largest consumers of computa-
tion time for Heliogyro analysis, and require the following new capabi-
lities in addition to general efficiency enhancements:

1. Improved spill logic: the ability to solve problems too large

to fit into memory by placing some portions of the calculations

in secondary storage, if necessary.
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Rotating to nonrotating coordinate transformations (''Resolver'):
The method of Lagrange multipliers has proven effective in

prototype work at MSC and will be added to the TRD module.

3. Nonlinear, timevarying coefficients: certain structural and
photodynamic terms must be updated at every time step. The
only practical method to accomplish this is by placing the
equations that generate these terms inside the transient

response calculation.

4. Data Reduction: the Floquet method of system identification
will be implemented to recover the frequency and damping of
system modes from the time histories of transient response.

Numerical integration procedures must be carefully designed to
treat problems with few dynamic degrees of freedom inexpensively while,
at the same time, imposing no absolute limit on the solution of large

problems.

The computation of transient response may be divided into two
phases: :
a. Preparation phase: assembly and reduction of the equation of
motion;

b. Numerical integration phase.

The key to a low-cost solution is to do as much work as possible in
the Preparation Phase in order to limit the amount of data accessed at
each integration step. The reason is that, if the amount of data cannot
fit within the available high speed memory, the cost of accessing it
will be the dominant element in the total cost. Thus, the problem si:ze
for low-cost solutions has a practical limit which depends on the size
of the available high speed memory. Careful planning of the data pro-
cessing procedures is required to ensure that this critical size will be

as large as possible.
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The NASTRAN procedures for numerical integration need to be re-
viewed and upgraded. NASTRAN tends to emphasize the solution of pro-
blems with very many degrees of freedom rather than low cost solutions
of moderate size problems. Our SADSAM program has the opposite em-
phasis. It produces very low cost rotor analysis (Ref. 3) but problem
size is limi*ed by fixed dimension statements. What is really wanted is

both capabilities. however incompatible they may appear to be.

With regard to integration algorithms, NASTRAN currently provides a
choice of two -- a version of the Newmark Beta method for general use
and a semi-analytic recursion method for uncoupled modal equations. We
use the same version of the Newmark Beta method for rotor analysis in

SADSAM with considerable success.

With regard to the treatment of nonlinear effects, it may be as-
sumed that each nonlinear force or moment is a function of the motions
at particular points. The matrix which relates these motions to the
reduced dynamic freedoms will be core held, in packed form, during
numerical integration. The user may reduce its size either by reducing
the number of reduced dynamic freedoms, or by limiting the number of
points to which nonlinear forces and moments are applied. The F@RTRAN
code which computes nonlinear forces and moments, and the associated
tabulated empirical data, will also be core held during numerical inte-
gration; so will the integration matrices which are derived from the
linear mass, damping and stiffness coefficients for the reduced dynamic
freedoms. If all of the data cannot fit in the high speed memory, some
of it will be kept in disk storage and transferred to the CPU at each
time step. The solution vector, plus other data needed for post-processing,

will be transferred to disk storage at each time step.




q‘ } 3.2 Technical Approach
3.2.1 Design Goals for the Transient Analysis Modules

A "standard'-size Heliogyro model is defined here to consist of one

blade with a fully or partiaily fixed hub. The transient response

wre ”‘E m—
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module will be modified to solve this model without spill. A 'large'-

——

size Heliogyro model is defined as one with six blades, payload, and

control system modeling. The module will be designed to solve this

problem routinely, using spill logic if necessary. Upper limits on

\ problew size are tabulated below.

S S —————
.

oY T

Max. Size |

.S_M m Standard Largs .
: Ng Grid points x 6 d.o.f. each 300 2000 4
: b Ny Dynamic variables (not eliminated 150 1000
f § L by constraints or static conden- _ |
3 sation) |4
E 1 t
: Np Forcing points 75 500
E | '
» Ny Modal variables 15 80 ’
: _ ,
P | N, Time steps 1000 1000
3 i
= 3.2.2 Expansion of Present Modules ORIGINAL PAGE IS ]

OF POOR QUALITY

Time-dependent loads are pfesently generated and reduced to modal

generalized forces {Ph} in the TRLG modvle. This module is adequate for

Heliogyro analysis. So is th: numerical integration performed in the

1
)
{

TRD1 module.

A modified version of the TRD1 module will be provided for Helio-

gyro analysis. The tasic integration algecrithm will be

(D1 {y; .} }o3)

(P, b e N, b [Clluy, b+ [E]{u} + (R,

1




¢

The only term not used in the present algorithm is {ﬁi#l}' [C], [0] and
[E] are constant matrices for a given time step size. The {ui} vector
represents the modal variables {uh} at the iime step i. {Ni+1} is

a nonlinear term (i.e., displacement or velocity dependent) which is

available now in NASTRAN but has restricted utility.

The new term {Ni¢1} represents nonlinear, time-dependent forces
applied directly to grid points. Two types of nonlinear forces that are
useful for Heliogyro analysis are described in Refs. 4 and 5. The non-
linear forces are generated by the following equations, performed at

every time step:

(ug 3oq) = [Bgplluy, ) (4)
nf
{Pd,i*l} - f(ti, {ud,i}’ {ud,iol}) (s)
= - T,,nl
{Nid} = [04] {Pd,iol} (6)

The [édh] matrix is a compressed matrix of eigenvectors whose coeff-

icients for uy variables without nonlinear forces are set to zero. It

is stored in packed form in single precision. The {ud} variables are

2

j+1] Tepresents the
’

physical motions at the nonlinear stations. {P:
resulting nonlinear physical forces, and {ﬂiol} is the vector of gen-

eralized modal nonlinear forces.

Memory Requirements

cquation Number

S — vy
¥

R R ™




ﬁ Equation Number Terms Sizes

ISP e S S .

= ™)
(4) {ud,i~1}’ [¢dh] Nh x Np
! nl
.‘ (5) {pd,i*l} Np
!
(6) {ﬁi} Ny

where Nh is the dimension of {ui} and Np is the number of forcing points.

: 2 ™)
Total storage requirement: SNh + 6Nh + Np + (Nh X Np) .

T —————

cDC IBM/Univac

Single precision words for standard problem 1,200 1,600

e st e

Single precision words for large problem 60,000 80,000

The high-speed memory requirement for large problems is within the

. ——

E range of possibility on computers available today. For example, on the
Univac computer used on past Heliogyro analysis, there are 42,000 words

of core used for code, and 85,000 words of open core available for data

storage with the TRD1 module. After the data center which operates the

computer completes a scheduled hardware upgrade, there will be 127,000

& t
E‘
:
f

words of open core available for data storage. Spill logic will be
provided for the module, but it appears that spill will not be rejuired

for Heliogyro analysis.

3.3.5 Resolver Capability

The equations of motion of the blades are most conveniently ex-
pressed in rotating coordinates, while those of the control system must
relate to a nonrotating reference frame. The time-varying transforma-

tion will be modeled by the technique of Lagrange multipliers (see Ref.

(*)Single precision on all computers. Other variables are double precision
on IBM and Univac.




6, Section 4.6). All degrees of freedom in the nonrotating coordinate-
system will be sequenced to be the last n variables. The time-dependent

}.

terms will be added to {N.
i+l

3.3.4 Floquet System Identification

The Heliogyro modes have low natural damping, so that determination
of system stability by inspection of transient analysis requires inspec-
tion of hundreds of rotor revolutions before asymptotic behavior is
achieved. Methods to determine clcsed-form frequency and stability
parameters for the system based on the Floquet hypothesis have been
described in the literature (see Ref. 7). The basic integration al-

gorithm (Equations 3 through 6) is modified as follows:

After the system has reached an interesting state, a time of
initial observation t, is established, based on user input
(i.e., after y rotor revolutions, or after the variation in
esponse between successive cycles is less than z percent).

Equation 4 is solved to find the state at time t, named

{u, ,}.

i+2

(0]{u;,,} = (P} + [Cl{u;,,} + [E]{u,} (7)

[P] contains the time-dependent and nonlinear forces.

A matrix of perturbed initial states [éhh(to,to)] is determined,

i.e.,
—~————— h —

[ahh(to’to)] * [ui¢2 Yie2 ui*:] + [1C] (8)

An obvious choice for the perturbed initial condition matrix, [IC],

is a diagonal matrix of small terms. Provisions will be made for

PAGE B
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user-selection of this initial condition and several others. The [ahh]
matrix is then integrated using Equation 7 above and the same startup
techniques as the present algorithm. At the tn time step, Equation 7

is of the form

(D[t ,t )] = (P} + [C][&(t .t )] + [E][®(t_,,t )]  (9)

This equation is evaluated at every time step over one rotor cycle.
Note that only three additional Nh X Nh matrices need be stored at one

time.

Reference 7 describes the method of computing the frequency and
stability parameters of the system from the state transition matrix

after one period. This matrix can be computed from
< -1
[oCt, + T,t )] = [o(t  + T,t)) -IC]J[IC] (10)

where T is one rotor period. Small changes to utility routines will be
needed to compute logarithms of complex diagonal matrices. The calcu-

lations will be performed in a new module.

The use of a reduced set of initial conditions for approximate
answers is a subject of current research. For example, HL/Z initial
vectors rich in the lowest modes would be expected to produce response
dominated by the lowest modes. A least-squares fit can be used to find
the reduced [@(t° + T,to)] matrix. As the cost of this operation
is cubic with Nh, cost and memory size reduction can be quite dramatic,
and may even improve the accuracy of determination of the low-frecuency
modes. Provision will be made to use a variety of initial conditions

ind smoothing techniques.




Since this is a research topic, an experimental version of NASTRAN
will be used as a test bed for developing a production tool. Low cost
but inconvenient input and output formats will be used until the prac-

ticality of the method has been demonstrated.

3.3.5 Summary of Enhancements for Module TRD1X

New Input Data Blocks

[th] Eigenvector transformation

UCONTRPL General data block, input by user on DTI Bulk Data cards

g New Output Data Blocks
. [¢(T)] State transition matrix at end of one rotor cycle
1 (optional) -

[o(t)] State transition matrices at every time step over cne
rotor cycle, stored in appended form (optional)

k EXPQUT General output data block (optional).
Method

|
! 1. General input and output data blocks are used for data during

module testing, and for unconventional features. Input for system

Al

identification research, such as specification of initial condi-
tions, will be done on DTI, UCONTR@AL Bulk Data cards. Special

‘Sat Jar b o od "X'"w‘!","v‘_' R iR w‘"""”f Lo bt R’ - A

e
e

2

debug output, or output requirements not anticipated, will pass out

through the EXPQUT data block. These blocks allow module changes

-

.

without requiring MPL updates.

(]

Inspect the new nonlinear data to determine unloaded rows
[¢dh]. Eliminate these rows and convert to single precision i”

necessary.

-15-
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3. Compute the new nonlinear forces and extend the integration
algorithm to accommodate them. Upgrade the integration soutine

to store all needed data in core.

4. Improve user control of output. Allow integration over a time

span without any output.

S. Install code for resolver. User inputs will be on DTI Bulk

Data cards.

6. Install code for Floquet system identification.

4. DMAP SEQUENCES FOR SOLUTION OF STRUCTURES IN ROTATING COORDINATE
SYSTEMS

4.1 Backyround

Past Heliogyro analysis in NASTRAN was done with ad hoc DMAP alters
to the NASTRAN rigid formats. This was effective during exploratory
studies, when the significance of many second-order effects had to be
determined. It resulted in twenty rigid format ALTER packages, many of
which have only subtle differences. This exploratory wou't has shown
which effects must be included in the analysis. This will allow con-
solidating the technology into the general-purpose DMAP sequences listed

below.

A new capability has been developed in MSC/NASTRAN since the prior
work was complcted. It is a small strain, large deflection statics
capability which accounts for geometric nonlinearity, including higher
order terms not included in the present differential stiffness capa-
bility. Use of this technology and the DMAP sequences listed below will
deérease the labor and calendar time needed to assemble Heliogyro models,

and will increase the portability of this technology to JPL.

ORIGINAL PAGE 1y
OF POOR QUALITY
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4.2 DMAP Sequence to Compute lLineari:zed Structural Matrices from

et S — -

Geometric Nonlinear Analysis

User Input - Initial geometry, rotation speed, sun ioad intensity,

structural description, blade pitch angles.

butgut - Structural matrices for perturbations from the equilibr:
position, »ulk data cards or their equivalent defining the structure at
its equilibrium position, the Coriolis force damping matrix, ''tennis
racket" effects (moments due to the angle between the rotor plane and

the principal axes of inertia), and photodynamic influcnce coefficients.

4.3 DMAP Sequence to Compute System Stability

User Input - The matrices from the DMAP sequence described in
Section 4.2, the hub constraints for hub-fixed modes, collective modes,

and cyclic modes, plus models of damping devices and control systems.

Output - Eigensolutions, stability margins, energy absorbed per
mode by damping devices. Both wmodal and direct solution techniques will
be available. The Lagrange multiplier technique will be used to imple-

ment the complex constraint equations needed for cyclic modes.

4.4 DMAP Sequence for Transient Analysis

User Input - Linearized matrices from the DMAP sequence described
in Section 4.2, control perturbations, nonlinear photodynamics, non-

linear Coriclis effects and nonlinear solar illumination :ressure forces.

Output - Time histories of motiocn and internal forces, options for
e —
roots of perturbation solutions to the nonlinear transient solution

using the Floquet system identification technique.




5. ESTIMATE OF THE REQUIRED EFFORT

The following table presents an estimate of the manhours required
to perform the tasks described above. It assumes that the work will be
done by senior engineers and programmers who are experienced in NASTRAN
development. Computer time is not estimated but experience with this

type of development shows that computer cost is about one-half of the

manhour cost.

i
1] Task Manhours

P

—
.

Rewrite code for the Hessenberg method of 550
Complex Eigenvalue extraction

R R,
RN

¥ 2. Modify the transient response module 360
js 3. Install the resolver capability 210
; 4. Install Floquet System Identification 270
QJ E S. Write DMAP sequences for Heliouyro Analysis 410
@ Total 1,800
!

PR TTIETRIORy ~ :*

' "
R Sewe, sy
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! g Conceptual Design of a Flight Test Model of the Heliogyr»

1.0 INTRODUCTION

Bl

As part of the design review of the Heliogyro Solar Sail proposed for

e ———

the Halley Rendezvous mission, a need was identified for a flight test
‘ Jk 1 program. This report is addressed to the concerntual design of a vehicle
capable of providing the required information. The vehicle will also be

able to perform useful planetary missions.
2.0 DESICN CRITERIA FOR A FLIGHT TEST PROGRAM

] Although the length of Heliogyro blades exceeds the size of any

ground-based facility, the mechanical components involved in deployment

are of comparatively modest dimension (8 m), so that deployment tests

2t

- |
}’ can be performed in the laboratory. Special care in removing gravita-

tional effects will not be required, because the centrifugal forces

y—

during deployment are of the order of 1/2 g. Thus, ground-based deploy-

ment tests should be -~onsidered to be adequate and reliable.

The only major area in which ground-based tests are not feasible is
the area of dynamics and control, which involves complex interactions

between photon pressure and centrifugal force. The forces due to photon

T ‘W’ TR T IR IRy e R TR TN o
y S » , 3 - S :. et > e
e 1

pressure acting on a very thin film are of the order of .001 g so that a
vacuum chamber would be required. The largest scale model that could fit
in a vacuum chamber is of the order of 1/1000 scale, which is too small to
provide useful information. Thus, only a flight test will be able to

verify theoretical dynamic calculations.

-—y
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In order tc provide useful Jynamic information, the flight test
configuration and the environmental conditions should be reasonably
similar to tlose of the full-scale vehicle. For this reason the follow-
ing should be avoided:

a. Low altitﬁde.flights where atmospheric drag is appreciable
compared to photon pressure.

b. A vehicle with fewer than four blades. (This is the smallest
number that can provide dynamic similitude with the full-scale

vehicle.) .

c. Vvery small vehicles, which will of necessity violate dynamic
similarity, for example, by having a central hub which is

much heavier than the blades.
The most important dynamic phenomenon requiring verification by flight
“est is tlade flutter. In order to study this phenomer. .. under realistic
conditiens, it will be required that the frequency ratios and damping
levels of the lower modes be approximately correct. Under these condi-
tions, a scaling parameter which approximately measures the susceptibility

to blade flutter is
4/3

1 (R
N8 [ == (1)
T°<Rs)

where R = blade radius
Rs = distance to the sun
.- %MbQZR = the tension at the blade root
%% = mass of one blade
Q = spin rate (rad/sec)

o3




It will be noted that the susceptibility to flutter is increased either
by decreasing the spin rate, or by decreasing the distance to the sun.
Thus, the severe conditions which exist near the sun can be simulated
near the earth by decreasing the spin rate. Furthermore, since the
build-up of unstable motions is very slow, flutter margins can be posi-
tively and safely identified by first decreasing the spin rate until
flutter occurs and then increasing the spin rate before the amplitude

of oscillations becomes large.
3.0 DESIGN CONSTRAINTS AND SELECTION OF PARAMETERS

Figure 1 shows a comparison of parameters for the full-scale Halley

- vehicle and for a proposed flight test model. The parameters identified

by asterisks (*) were selected on principles other than dynamic similitude
~r design optimization, and may be considered to be design constraints.
Tﬁese parameters include the identity of the launch vehicle, the reflec-
tive area, the film material, the clnsest approach to the sun, and the
mission duration. The Ariane launch vehicle was chosen because of its
availability and capacity. The selected values of reflective area,
closest approach to the sun, and mission duration are based on the idea
that the vehicle be capable of useful missions at the completion of the
flight test program. The film material was selected to be the same as

that for the full-scale vehicle.

The blade chord (or more precisely, the deployment reel length) is
a free parameter which was varied parametrically. The data shown in
Table 1 correspond to a blade chord of 4.1 meters. Results for cuicr

blade chord lengths are discussed in Section S.




The remaining parameters in Table 1 were derived by scaling the
full-scale Halley vehicle, using principles of dynamic similitude.

Details of the scaling procedure are explained in the Appendix to this

report.
4.0 DESCRIPTION OF THE 4.1 METER FLIGHT TEST MODEL

Figure 1 shows the 4.1 meter flight test model in its stowed con-
figuration, and Figure 2 shows one blade in its deployed configuration.
The vehicle has six blades which deploy in a single plane. The arrange-
ment of the mechanical components, and also the deployment sequence, is
identical to that of the full-scale vehicle, except that the central
support column remains attached to the launch vehicle. Spaces are pro-
vided between the deployment reels to permit bracing of the central sup-

port column, if necessary to limit deflections during launch.

The mass distribution of the 4.1 meter flight test vehicle is com-
‘pared_with that of the full-scale vehicle in Table 2. It will be noted
that the mass fraction for structure is significantly smaller than that
for the full-scale vehicle, in accordance with the square-cube law for
the growth of structural weight with size. The mass fraction for elec-
trical components is significantly larger, due wmainly to the fixed size
of many of the components in the control system. Detailed mass distribu-
tions for the flight test model and for the full-scale vehicle are shown
in Table 3. On balance, the mass per unit reflective area is slightly

less for the flight test vehicle than for the full-scale vehicle.

The total mass of the flight test vehicle (323.3 Kg) is small enough
to permit large payloads when the Ariane is used as the booster. Figure

3 shows the range of characteristic accelerations (acceleration due to




normal incidence of radiation pressure at 1 A.U.) that are available for a

range of payload mass within the 1ift capability of the Ariane.
5.0 PARAMETRIC VARIATION OF BLADE CHORD

The blade chord (deployment reel length) was varied from a minimum
of 2.9 meters to a maximum of 4.4 meters. The upper value is the largest
that will fit within the Ariane's payload envelope. The lower value cor-
responds to a point where total mass is rising rapidly (see Figure 4).
Detailed mass distributions for deployment reel lengths of 2.9, 3.4, 4.1,
and 4.4 meters are tabulated in Table 3. Although the 4.4 meter chord
produces the least mass, the 4.1 meter chord produces only a slightly
larger mass and has significantly larger clearances with respect to the

Ariane shroud.

The large structural mass of the model with a 2.9 meter chord is
mainly due to the higher blade root tension required to compensate for
the increased blade radius, while satisfying the flutter criterion,

Equation 1.
6.0 CONCLUDING REMARKS

The Heliogyro model described in this report is capable of meeting
the objectives of a useful flight test for the design of a full-scale
vehicle of the size proposed for the Halley mission, and also for per-
forming vseful planetary missions, both within the constraints imposed
by the Ariane launch vehicle. Smaller models, which might produce useful
flight test data, but which would not utilize the full capacity of the
Ariane, have not been examined in detail. It is estimated, from an

earlier unreported study, that the minimum size vehicle which would be

v T ————————
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useful as a flight test model has approximately 5000 m“ of refle tive

area and a chord of one meter. This vehicle could easily be boosted to
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Table 1

Comparison of Parameters for the Full-Scale
Halley Vehicle and the 4.1 Meter Flight Test Model

g§rameter

Launch Vehicle*
Reflective Area*

Film Material*

Number of Blades
Deployment Reel Length
Blade Radius

Blade Aspect Ratio
Closest Approach to Sun*
Mission Duration*
Rotational Speed

Blade Root Tension
Relative Maneuver Time

Flap Hinge Offset/
Blade Radius

Maximum Flapping Moment

Design Torque for Pitch
Motor

Mass of Sail Module

Sail Module Mass/Area

'Design Constraints

e o S e S " 20 e ot MALT T e P B A

Full-Scale
Halley Vehicle

Space Shuttle+I.U.S.

624,800 1°

.08 mil Kapton

12
8.0 m
7500 m
937.5
.25 AU

4 yrs

.027 rad/sec

750 N.
1.0

.005

1222 Nm

S Nm

3837 Kg

6.14 gm/m2

T

4.1 Meter
Flight Test Model

Ariane (3-stage)
60,000 m*
.08 mil Kapton
6
4.1m
2838 m
692.2
.30 AU
S yrs
.0514 rad/sec

161 N.

56 Nm

0.4 Nm

323 Kg

5.39 gm/m
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Table 2

Comparative Mass Distributions for the Full-Scale
Halley Vehicle and the 4.1 Meter Flight Test Model

Full-Scale 4.1 m Flight

Item Halley Vehicle Test Model
Film + Coating + Seans 2123 §5.3 208.4 64.5
Structure 1436 37.4 77.0 23.8
Hardware and Mechanisms 205 5.4 19.8 6.1
Electrical Components 73 1.9 18.1 5.6
Total 3837 100.0 323.3 100.0




Detailed Mass Distributions

o Table 3

&€«——— Flight Test Models —™>Full-Scale

e

: Deployment Reel Length 2.9m | 3.4 m l 4.1m | 4.4 m| 8.0 m
i : < Mass (Kg) —>
BLADES
Bare Film (.08 mil Kapton) 173.22 |173.22 |173.22 |173.22 1764
Coatings 21.48 | 21.48 | 21.48 | 21.48 219
Seams . 13,74 | 13.74 | 13.74 13.74 140
Edge Tendons 54.82 | 40.56 | 28.93 | 25.56 514
Battens 8.87 8.87 8.87 8.87 90
Tip Weights 3.00 3.60 4.44 4.80 20
Hardware 6.93 6.93 6.93 6.93 71
Total 282.06 [268.40 |257.61 |254.60| 2818

RETENTION SYSTEM

- Flap Hinge Stays 10.10 6.83 2.57 1.94 61
£ Deployment Reels 14.00 | 11.00 | 10.70 | 10.55 145
Yokes 11.10 | 6.67 | 8.15| 9.47| 217
_f Booms 8.06 4.43 5.33 5.93 102
Dampers .28 .34 .27 .22 11
Pitch Axis Structure 9.17 | 8.12| 7.06| 6.70 110
3=
= Total 52.66 | 37.39 | 34.08 | 34.81| 646
P OTHER COMPONENTS
b Center Truss 5.39 | 5.39| s5.39| 5.39| 197
Pitch Motors 6.92| 6.91| 6.84| 6.81 48
e~ Pitch Bearings 1.58 | 1.40| 1.22| 1.16 19
b Deployment Mechanisms 6.93 6.93 6.93 6.93 84
’ Control System 10.00 | 10.00 | 10.00 | 10.00 15 |
Electrical Wiring 1.25 1.25 1.25 1.25 10
0 Total 32.07 | 31.88 | 31.63| 31.54| 373
‘ Total For Sail Module 366.79 |337.67 | 323.32 | 320.95| 3837

a OF POOR QU ALITY
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APPENDIX

DESIGN METHOD

As stated in Section 3 of the main text, certain parameters were
taken as given design constraints. These parameters are indicated by
asterisks (*) in Table 1. The remaining parameters in Table 1 and also
the detailed mass distribution in Table 3 were obtained by application
of design principles. The principles and assumptions which were used
to obtain each of the parameter and mass values are explained below.

Where numbers are quoted, they refer to the 4.1 meter flight test model.

1. Number of Blades

The only number of blades given serious consideration was six.
This is the smallest number of blades for which a symmetric (isotropic)
rotor can be built which has damping in all modes. It is also attractive
from the viewpoint of space utilization in the stowed configuration (see

Figure 1).

2. Sheet Width and Blade Radius

The width of the reflective sheet was taken to be 0.4 m less than
the deployment reel length in order *» allow room for edge tendons and
gaps between the tendons and the sheet. The value 0.4 m is arbitrary
and will allow for some flexibility in the design of the blade panels.
As explained in the main text, the deployment reel length was treated as

a free parameter.
The blade radius was calculated as follows:

5 o 1:08 A

(1)

L




where A = reflective area (60,000 mz)
n, = number of vlades (6)
C = sheet width (3.7 m)

The factor 1.05 is the allowance for cut-outs.

3. Deployment Reel Diameter

The considerations affecting selection of the inner and outer reel

diameters are:

a. Available space in the stowed configuration (see Figure 1)
b. Adequate volume to stow the blade
c. Adequate strength and stiffness

d. Minimum weight

The design formula for adequate volume is

L 2 2
R (D° -Di) >t (2)

where Do outer diameter (.5 m)

D.
i

R

inner diameter (.35 m)

blade radius (2838 m)

t

blade thickness allowance in the stowed configuration
(.0283 mm)

The value for t is the value used in the full-scale design. In the
case of the 2.9 m design, it was necessary to reduce Di to 0.3 m in order

to satisfy Equation 2.

4, Blade Root Tension

The only consideration used in selecting blade root tension was

that the susceptibility to flutter be the same as for the full-scale




vehic’2. An approximate design formula for equal flutter susceptibility is

i 4/3
s
To <§— ) = constant (3)

where T, = the blade root tension 5
R = the blade radius b

3

rs = minimum distance from the sun &

W

BN

The value of T° for the 4.1 meter flight test model (161 Newtons)

is obtained from Equation 3 and the parameters listad in Table 1.

S. Egge Tendon Mass

The edge tendons must carry the blade tension while withstanding
persistent attack by micrometeoroids. /. .ational design procedure to
meet the micrometeoroid threat was not available during preliminary
design of the full-scale vehicle. However, in order to scale the value

of edge tendon mass to the flight test model, it will be assumed that

|
|
E

the cross-sectional area can be separated into a part required to carry
ultimate tensile loads and a part that may be removed by micrometeoroids.

It will be further assumed that each tendon consists of two .001 mil

DAE TN DR TS

=

graphite polyimide tapes with frequent load transfer points. Under these

assumptions, an approximate design formula for the mass of the edge

T TR N

i tendons is

~

1/3
7 750 ( R npR ) 3
u

Yete = PR 1o~ " 3 \!*1_\ayrs * 90,000
where p = density of material (1527.5 kg/ms)
o ultimate tensile strength of tapes (8.96 x 108 N/nz)
a Ty ® mission duration (5 years)

and n, R and To have been defined previously.
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When this formula is applied to the full-scale vehicle, it gives a
value of Met equal to 367 Kg rather than the value of 514 Kg given in

Table 3. The value in Table 3 is considered to be overly conservative.
6. Batten Mass

It is assumed that batten weight is 5.1% of bare film weight, inde-

pendent of vehicle size.

7. Tip Mass

Tip mass is assumed equal to 0.2 Kg per meter of sheet width, which

is consistent with the full-scale design.

8. Blade Hardware

The mass of blade hardware is assumed equal to 4% of bare film weight

independent of vehicle size.

9. Mass of Film, Coatings and Seams

The masses of these items are scaled directly from the full-scale

design in proportion to reflective area.

10. Spin Rate

An approximate design formula for spin rate is

Mbr
where To = blade root tension (161 N)

"y

R

21 \M?2
Q -(-2) (= .0514 rad/sec) (5)

mass of one blade (42.235 Kg)

blade radius (2838 m)

Equation 5 assumes that the blade mass is uniformly distributed

along the blade.

A-4
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11. Relative Maneuver Time

Relative maneuver time is defined as the time required to perform a
maneuver with given blade pitch settings, divided by the orbital period

around the sun. It can be shown that

(Trm-C/Qrsl/sz) = constant (6)

where Tom is the relative maneuver time, Q is the spin rate, T is the

distance to the sun, Mb is the mass of a blade, and C is the blade chord.

12. Flap Hinge Offset

.

Flap hinge oifset is calculated to give the same value of blade
flapping as the full-scale vehicle for a given error in blade pitch angle.
It can be shown that

2
3 rsRC

O - : (7)
X To

where e is the flap hinge offset and the other quantities have been pre-
viously defined. For the 3.4 m and 2.9 m blades, the value of e/R given
by Equation 7 eads to excessively large retention system weight and has

been increased as shown in the following table:

Model e/r

2.9m .006

3.4 m .005 increased over values given by Eq.
4.1m .00587

4.4 m .00651

Full-scale vehicle .00S

ORIGINAL PAGE IS
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:§ ng 13. Damper Stiffness
:é The damper is designed to give the same damping coefficient for
-
5? blade vibration modes as in the full-scale design. The design formula
43 ; for damper stiffness is
ﬁﬁ 3T R 2
o g4 0 e
e (%) (= 7086 Nn/rad) (8)
where gq = damping coefficient of damper (0.3)
g, = danping of first flapping mode (.001)
{ 14. Flap Hinge Stays
The length of the flap hinge stays is computed by the following
formula which maximizes flap hinge brace stiffness for a given mass.
1,5e
e So = ;'.I‘. Kd Kd (' 53.43 m) (9)
1 - = A S !
( 5%
where Kd = damper stiffness
Kb = boom stiffness (assumed equal to 6.39 Kj)
Ky = yoke stiffness (assumed equal to 4.0 Kﬂ)
The mass of the stays is computed by the formula '
16pT Sonb
' T S ehrintie (= 2.57 Kg) (10)
, , Eh? ,
: o where E = modulus of elasticity (1.2065 x 10 N/m )
p = density of meterial (1522.5 Kg/m°)
i gﬁ h = vertical separation between stays (3.4 m) q
I
: o 1

>
*
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In order to minimize weight, the vertical separation w~3 increased

for the shorter deployment reels as follows:

Deployment reel length h
2.9 m 4.0 m
3.4 m 3.6m
4.1 m 3.4m
4.4 m 3.3 m

15. Mass of Deployment Reels

The mass fraction of the deployment reels (relative to film mass)
was assumed to be proportional to the square root of the deployment reel
length. In addition, the masses of the shorter deployment reels were
increased arbitrarily to account for increased vertical stay separation
(see Section 14 above).and for decreased reel diameter (in the case of

the 2.9 meter reel).

16. Booms and Yokes

The booms and yokes are designed by stiffness. The assumed ratio
of boom stiffness and yoke stiffness to damper stiffness is given just
beléw Equation 9 above. The cross-sectional area of effective material
in the boom and in the yoke to provide the required stiffnesses is given

by the design formula

4R+ H) 1 7!
.A_D.__LE_;z__.[_K_b. K‘] (11)

where length of yoke (4.1 m)

length of boom (2.68 m)

o <©

3
n

width of cross-section (0.3 m)

modulus of elasticity (1.2065 x 1011 N/mz)

A-7
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The masses of the booms and yokes are computed from
Mb - Snbpi.bAb (= 5.33 Kg) (12)
M = L = 8.15 K
y = SnyP yAy ( g) (13)

The factor of 5 is a structural inefficiency factor derived from the

full-scale design.

17. Maximum Flapping Moment

The maximum flapwise bending moment is assumed to occur in the
maximum precessional maneuver with one blade feathered due to a non-
functioning pitch motor. It can be shown that the moment has the follow-

ing proportion to design parameters:

2
Mmax £ (g—s-) ‘ (14)

Table 1 shows that the value for the full-scale design is 1222 Nm,

which gives 56 Nm for the 4.1 meter model.

18. Damper Mass

The design formula for damper mass is

2
e,

(= .269 Kg) {15)
y2GK

B4
d

where n number of blades (6)

p = density of damper material (1384 Kg/ns)
Y = maximum shear strain (0.2)

G = shear modulus (6.894 x 105 N/mz)

K, = damper stiffness (7086 Nm/rad)

Mmax = maximum flapwise bending moment (56 Nm)

A-8
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19. Pitch Motor Desigg

The maximum pitch motor torque consists of a part due to the maximum
static blade restoring moment and a part due to friction. The design

formula is

Mg = .675 5. o5 X (L.o) (7500) 2 b BaX (o .288 Nm) (16)

where Cf = coefficient of friction (.01)

: 5 inner radius of bearings (.025 m)

b
Lb = distance between bearings (.15 m)
Mmax = maximum flapwise bending moment (56 Nm)

The factor .675 is the maximum blade restoring moment for the full-scale

design. The design torque was increased to 0.4 Nm for conservatism.

The maximum shaft power is assumed proportional to QMe where Q
is the spin rate of the vehicle. With this assumption, the power rating of
the pitch motor for the flight-test model is 15.2% as large as that for

the full-scale design.

The masses of the pitch motor, of the pitch bearings, and of the
pitch axis structure were scaled from full-scale design values by the

following assumptions:

M (pitch motors) -(Power)2/3 (= 6.84 Kg total)
)2/3

M (pitch axis structure) ~ (MInax

(= 1.22 Kg total)
)2/3

M (pitch bearings) ~ M__

(= 7.06 Kg total)

20. Center Truss

The mass of the center truss (5.39 Kg) was scaled from the mass of

the hub end assembiies for the full-scale vehicle (90 Kg) by assuming
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that the mass is proportional to the film mass multiplied by the two-
thirds power of the distance from the centerline to the axis of the

deployment reel in the stowed configuration.

21. Deployment Mechanisms

The mass of the deployment mechanisms (6.93 Kg) was assumed equal to

4% of the bare film mass.

22. Control System and Electrical Wiring

The mass of the control system (10 Kg) was assumed equal to two-

thirds of the mass of the full-scale control system.

The mass of the electrical wiring (1.25 Kg) was assumed equal to
one-eighth of the mass of electrical wiring for the full-scale vehicle.
This was done becauée there are half as many blades, the distances are

one-half as large, and the power rating is much smaller.
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1.0 INTRODUCTION

A rotating elastic body requires a dynamic analysis to determine the
presence of dynamic instabilities. As part of the investigation of the
Heliogyro blade design studies, a stability analysis was conducted using
MSC/NASTRAN. This analysis required the development of solution methods

for NASTRAN that included the following items:

1. Centrifugal forces

2. Tennis-racket moments

3. Influence coefficients for blade fiutter
4. Structural damping of elastomeric damper
5. Coriolis forces

6. Hub boundary conditions for reactionless, collective and cyclic
modes analysis

7. Blade pitch‘effects
8. Vertical and inplane solar pressure loads

9. Blade fabrication distortion effects

The metheds for implementation of the above items and the usage of NASTRAN
for the stability analysis are the subjects for this report, including the

unusual steps associated with obtaining a NASTRAN solution.

Usage of NASTRAN to simulate the ~quations of motion for the Helio-
gyro blades requires the addition of special terms which account for items
1 through 5 above. Section 2.3 of Reference 1 presents a general descrip-
tion of the equations of motion for a rotating blade. That description
generally applies to the methods of solution developed for NASTRAN. Items
1, 2, 3 and 4 were included with the stiffness matrix. Item 5 was included

in the damping matrix. Item 6 was incorporated ~ith the mass matrix.

-1- ORIGINAL PAGE Ig
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Items 7, 8 and 9 were included through redefinition of the geometry of the
basic NASTRAN model. Extensive alters to the NASTRAN rigid formats were
necessary to generate the sequence of NASTRAN solutions including the

effects due to items 1 through 5.
2.0 NASTRAN RUN SEQUENCE DESCRIPTION

This section describes the procedures that were used in the NASTRAN
dynamic analysis of th~ Heliogyro Solar Sail. The intent of this section
is to provide the reader (who is a NASTRAN user) with sufficient details
to enable him to perform a similar type of analysis. The NASTRAN user is
assumed to have some knowledge of the following NASTRAN capabilities and

solutions:

1. DMAP and Rigid Format Alters
2. Differential Stiffness Solutions
3. Modes Analysis (Direct and Modal)

a. Real (SPL 3 or S@L 25)
b. Complex (SPL 7 and S@PL 10)

4. Data Base Operations

All of the above items are described in Reference 2. In addition to the
above, it is important to understand the contents of Chapters 1 through 3
in Reference 1. A description of the Heliogyro NASTRAN model and results

of the analysis are described in Reference 3.

2.1 Straight Blades

The designation of straight'blades means that the blade is a straight

line and the blade axis is coincident with the radial line emanating from

the center of rotation. Only items which would cause no inplane or vertical
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deflections may be analyzed with the following sequence of runs. The items

@ included are centrifugal ioads and/or imposed blade pitch. The sequence
of NASTRAN runs which are required to obtain straight blade results is
described by the following steps:

1. The Differential Stiffness Solution (S@L 4,1) uses RF 4$33A

which puts in the centrifugal stiffness terms and the tennis

racket effect. The output to be used for the next run is the
differential stiffness matrix [Kgg] which has been stored on a
Data Base. When preparing the NASTRAN input, the following

details should be considered:

a. Set parameters MPDEL and THETAZ for storage of [Kgg]
and the geometry data on the Data Base for doing structure
plots.

b. Select the proper set of DMIG data for the QM2 (22 data).
The 2,2 term of PM2 should be set to zero, corresponding l
to a prestretched blade. ;

c. Select proper TENPAD data for correct tennis racket moments.
See Appendix I for calculation of TENPAD.

d. Eliminate unnecessary data such as ASET, EIGR, DMIG's

for complex constraints.
e. S2lcct the proper set of SPC's.

f. If this is the f rst run and the Data Base has not been

created, the following alter is necessary:

ALTER 2
DBMGR //0 §

g. Note the core allocations set with PARAM statements with
parameter D@WN.

h. Note whether EPPINT's or SP@INT's are included for later

modes runs for the complex constraints.
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i. When design changes for *“e blade are being made which

Q include chord reductions, be careful with the RBE2's, as
they don't have differential stiffness capability.

2. Reactionless Modes Solution (S@L 25) uses the alter RCTM@DE

to fetch the differential stiffness matrix [K:g] stored on the
Data Base during the SPL 4 run. The alter includes the centri-
fugal force terms and tennis racket moments. The alter also
stores the mode shapes for plotting at a later time. When

1 preparing the NASTRAN input, watch for the following:

3 a. Set parameters MPDEL and THETAZ for fetching the right

% [Kgg] from the Data Base. Set the parameter SPLID to

;%. identify the modes to be stored on the Data Base.

,
e &

b. Select the ASET for the Reactionless Modes.

c. Remove the extraneous data used by the differential
stiffness such as the SPC and RFPRCE data.

d. Select the proper ASET, SPC, @M2, CQUPLX and EIGR data
for the type of modes.

Collective Modes Solution (SPL 25) uses the alter RCTM@DE to
fetch [Kgg] stored on the Data Base during the differential
stiffness solution. This solution is nearly the same as the
reactionless modes solution in item 2, except for the following:

a. Select the proper SPC's

b. Set parameter SPLID for mode storage on the Data Base.

Cyclic (Regressive and Progressive Sequence) Modes (S@L 7,1

or SPL 10,1) use alters NEWCYC or NEWFLUT, respectively, to
put in the [Kgg] from SPL 4,0, the centrifugal force terms,
the tennis racket moments and Coriolis force terms. When the
"direct' approach is used in NASTRAN, structural damping is
automatically included, however, the '"modal' approach requires
an alter to include the structural damping. The modal method
was not the original approach used to solve for cyclic modes.
The direct method was first used and only the inplane modes

-4-
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@ were obtained because of the core size limitation for the ASET
points used in the analysis. Whenever preparing a cyclic modes

solution, consider the following:

a. Set parameters MPDEL and THETAZ for fetching the correct
d
K for the run.
[Kgg)

b. Remove differential stiffness related data, SPC's and
RF@RCE.

¢. Put in structural damping on CELAS1's for S@PL 7,1 and on
CELAS1 and MAT1 cards for S@L 10,1.

d. Select proper ASET, SPC, @M2 and CQUPLX data. SQPL 7,1
uses SPPINTS for CQUPLX while S@L 10,1 uses EP@INTS.

e. If doing a two-bladed model, special temporary storage is

required due to the problem size.

2.2 Blades with Inplane and Vertical Deflections

@ Whenever inplane or vertical blade deflections are included so that
the blade axis does not coincide with the y-axis, the blade geometry
changes are necessary to calculate the modes. Inplane and vertical
blade defleciions are caused by solar pressure loads and differential
strain (manufacturing deformations) effects. The combined effects of
solar pressure loads, differential strain, centrifugal loads and blade
pitch may be analyzed in any combination with the following sequence of
NASTRAN runs.

1. Differential Stiffness Solution (S@L 4,0) has to be performed

to obtain [K ] for the straight blade (see Section 2.1). If this

[K ] was already obtained from a previous run, then this step

may be omitted.

2. Static Solution (SPL 24,1) uses the [K:g] generated in Step 1
‘ and the STATSPL alter. The alter includes the addition of the
straight blade [K:R] to the conventional stiffness matrix, the
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centrifugal force effects and the tennis-racket moments. The
solar pressure loads (see Appendix L) are put in to the bulk
data by the conventional NASTRAN static solution through

FORCE data cards. Manufacturing deformations are introduced
through the DEF@RM bulk data cards. The values put on the
DEF@RM cards are 1/20000 times the rod .element length on the
trailing edge stiffener and +1/20000 for the leading edge.
Solar pressure loads which simulate untrimmed collective pitch
are shown in Appendix L. When setting up the NASTRAN deck, 3
note the following details.

a. Set the parameters MPDEL and THETAZ to fetch the proper

d ]
[Kgg] from the Data Base. !

b. Select the proper loads, SPC's and PM2 data (term 2,2 is
-Q?% now).

¢c. Remove the data associated with the modes solution for
ASET, EIGR, SPC and C@UPLX.

d. Remember to include the differential strains (DEF@RM)
or inplane solar pressure loads to simulate untrimmed A
collective pitch.

3. The Differential Stiffness Solution (SPL 4,0) has to be re-

peated with the selected effects (centrifugal force, solar

pressure loads, differential strain, etc.) included. In

addition, the blade geometry has to be modified to include the

T T TR S T DL T Wt wy e s

deflections of the grid points obtained from the static solution
(Item 2). Going from the static solution to this second dif- i
ferential stiffness solution has the effect of neglecting any

internal element loads introduced by the static solution. To

determine how well the solar pressure loads are balanced by

the centrifugai loads, vertical SPC's are introduced along the

blade in this differential stiffness solution so that forces

of single point constraints may be obtained to measure any

unbalanced forces. The truss tip usually had significant SPC

forces. Since internal loads were lost, primarily in the

truss, the DEFPRM capability was used to introduce the internal

e

=
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loads in the rod elements of the truss. The lcads resulting
from the DEFPRM cards were spread to the boom, yoke and post
elements so that iterations were required to obtain a balance
between the solar pressure and centrifugal loads. Details to
check while assembling the NASTRAN deck are the same as the

straight blade differential stiffness solution.

4. The Modes Solution (S@L 10,1) uses the NEWFLUT alter and the

[Kgg] matrix from the previous solution (Item 3). Since the

blade has vertical and inplane displacements, the Coriolis
forces must be included in reactionless, collective and cyclic-
type modes solutions. The NEWFLUT alter includes the Coriolis
forces, the differential stiffness matrix, centrifugal force
terms, tennis racket moments and structural damping. Details
of the NASTRAN deck to check are:

a. Set the parameters MPDEL and THETAZ to get the proper
[Kd ] matrix.
g8

b. Select the proper ASET and SPC data for type of modes,
reactionless, collective or cyclic.

c. Select the proper @M2 data (term 2,2 is Q7).

d. Remove differential stiffness data, RFQRCE.
e. Include structural damping on CELAS1 and MAT1 data cards.
f. If cyclic modes, put in CQUPLX and EP@INT data.

g. If two-bladed model, special temporary storage is required.

2.3 Flutter Solution

To obtain the aerodynamic force coefficients, calculate off-diagonal

stiffness terms as described in Appendix M. The flutter solution is :

precisely the same as the modes solution (Section 2.2, Item 4) when
vertical and inplane deflections are present, except for the addition of

the AER@ term to be added to the stiffness matrix.
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APPENDIX A

SPL 4,0 Sample Deck for the Two-Bladed Model

[(RUN DBDSZ2B,228 +DEAN,25,300/200 e« 1SD

(oYM PRINTS,,MNS

[ASG,UPR ERUPRT(+1)

(USE Z,EBUPRT(+1) ) Z i ek IRt e e e L e e o
[BRKPT PRINTS/2

[QUAL ISDMSC

SRR = WU St s el R el et o L W e L e, it s e o e
(HDG UPDATE RF4s33

(ELT *RFALTERS ,RFUS33,TPFS ,RFUS33

(USE DBO! DEANDBO!
[ASG,AX NIKEDATA.

P
&
¥
“
g
1
)
4
L
4
b3
¥
1 38
B
¥
R
i
&
I

R

(ELT MIKEDATA,M19BLD1,TPFS,BLADEL
(ELT MIKEDATA ,M18BLD2,TPF$,BLADE2

TR A

(ELT MIKEDATA M15B2T0,TPFS,RLD2TO
(ELT MIKEDATA HUBAOD7,TPFS,HURDA

M =

-08,“6

«53,57

(FREE MIKEDATA,

T LADD MIKEDATA ,ASGCRDS

NASTRAN TIYLEUPT a 0 , DAYLIMIY = 99, WICORE = 90000

ID HELIOGYRU SOLAR SAILER DIFFERENTIA| STIFFNESS _RUN _

" TIME 6

DIAG 8

DIAG 22

SOL 4,0

ECHOOFF

(ADD TPF$,RFus33

S PUT IN RF ALTER 4$33

ECHQOON

R T Ty T S (- W S T YO

TITLE = HELIOGYRO SOLAR SAILER TwO BLADED MODEL 1S, THETAZ = 0

SUBTI = DIF STF WITH CENT FORCE.R=7SOon. Cs?,63M,0UMG= ,027RAD/SEC

ECHO = SORT

SPC = |
OLOAD = ALL
DISP = aALL
SPCF = ALL
ELFORCE = ALL :
GPFQORCE = ALL -

SUBCASE 10 .
LABEL = STATIC SOLUTION, CUTOUTS ANpD REDUCED CHORD M
R S R T D S el = \

SUBCASE 20

LABEL = DIFFERENTIAL STIFFNESS SOLUTTON
ORIGINAL PAGE z
OF POOR QU

e — ———— - —_—

5 TR YN YRR

- —————— —— — — 8" — - - —— —— " - ——— % — —— " ——

. ———E  te ieEEm s B 4 @ S . wemamemes ® . - . Sodi S - Wb . s - i

OSCOEF = DEFAUL?
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BEGIN BULK

(ADD TPFs,BLADEY

(ADD TPF$,BLADE2

(ADD TPFS$,BLD1ITO

(aDD TPFS,BLD2TO

(A00  TPFS,nUBDA A Mg Caldn SN

SPC1,1,1234%6,900000,900001
SPC1,1,123456,19997,29997

P PARAM,MODEL, 1S
PARAM,THETAZ, 0
FRREM GROPRT L — e e D e el e PP S S
ENDDATA
(BRKPT PRINTS
(FREE,R Z . . . : i . e e LA -~ % - Bl L St o U 1o SRS R
(SYM EBU4PRT, s MNS
(SYM PRINTS,,MNS
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APPENDIX B
Alter for SQL 4,0




; |
*
4
e |
3
*
R
A
J
3
o
.
=
:

$ BEGINNING OF R: ALTER 4833 A

S * ¢ ¢ 4 2 ¢ 4+t e e e 23 NOV 1978 TR R T T TP S PO S
S GRIDPOINT FORCE RALANCE AND ELEMENT STRAIN ENERGY RF1/2
s 04715775 S R R B RN T 4 / SERIES M} s
s RF1/2
S CASE CONTROL InNPUT RF1/12
S 1 sREQUEST. FQR GRIDPQOINT BALANCEeAT GRIDPCINTS SPECIFIED. s RESLS
s THROUGN SET N=1,2,400" RF1/2
$ RF1/2
Bt i SPPORCE RN S R O R RS T e
RF1/12
s OR RF1/13
] . RS TR AR BSbAD i A i g 5w MR o e R i A S,
S GPFDRCE=ALL RF1/12
S RF1/2
S _24REQUEST_FQR ELEMENT. STRAIN ENERbY CALCULATIONS=FUOR_ELEMENTS.  ___RF1/1?
S SPECIFTED THROUGH SET M=S.7,.,, RF1/2 |
$ RF1/2
3 o\ JURURITR gl | | | SNSRI i i =2 LAk, 3 | )
s . RF1/:
s 0OR RF1/2
GRS D PRRRE . - (  x : N ——_RFY22 |
b RF1/:
s.--.-.-...ﬂ.--. .-.--....-.Q*..-RF1/3

e TR R S LT e s A
PARAM //DQWN/25000 §
DBMGR /77 8

_ ALTER 8 (e
CBSTORE SIL, EGEXIN.ECT CSTH BGPOT//V,Y,MODEL/V,Y,THETAZ 3 i
ALTER 25,26 RF1/% |
TAL,,ECT,EPT, BGPDT.SIL GPTT,CSTM/EST e ,GEI GPECT /V,N,LUSET/C,N,1232 __RF1/2

VyN,NOSIMP/1/V,N,NOGENL/V,N,GENEL § RFY/:

SAVE NOSIMP NOG&NL,GENEL RFL/3 |

~ CHKPNT EST, cg: GPECT S s 13 WA |
PARAM //A0D/V,N,NOKGGX/1/0 $ RF1/72 |3
PARAM  //ADD/V,N,NOMGG/V,N,SKPMGG/! § UNTIL EMG FIX RF1/: |8
_ALTER 29,29 o A 2 gil
"CHKPNT OGPST %
ALTER 30,35
EHG__EST,CSTH,HPT.DII.GEQHZ.;./KELN.KOtGIL"ELHaﬂDICI;./M;NaNOKGGXI_ﬁ_-_-RFlLZff

VaN,NOMGG/0/7/7C,Y,COUPMASS § {

SAVE NOKGGX,NOMGG § RF1/73 B
EMEPRT RELF,EDICY, NELN MnpBY &0~ TR aRe e Taetel Lo S S o T el ;
EMA  GPECT,XDICT,KELM,BGPDT,SIL,CSTM/KGGX,GPST § RF1/2 |
CHKPNT KGGX,GPST § '
COND _LPL1,SKPNGG_S e R s A
COND JMPMGG NQMGG RF1/1
EMA GPECT, nDICf MELM,BGPDT,SIL,CSTM/NGG,/C,N,=L/V,Y,wTMASS = 1,0 § RF1/3
CHKPNT MGG § Sty L OF S P R ey ST E T A o PR ) -
LAEEL JMPMGG 8 RF1/2
[ALTER 47 '

SMULTIPLY TIMES MGG, ADD 710 KGG
MATMOD OM2y4000/0M26,/5/V,N,LUSET 8
MTRXIN, ,MATPOOL, EQEXIN,SIL,/TENPAD,,/S,N,LUSET/S,N,NOTH §
DIAGONAL KGG/IGGISQUAPEIO e ettt e B e USSP o B gl
ADD TENPAD, IGG/COS?YH/( “1,0, 0 0) S

MPYAD 0"26.C0527H.10”Cu5 H




wp— I y R ¥ s st o w—wmmﬂﬂﬂ

2 Lﬁpy‘o OMCNS,MGG,K53G/KGGA §

EQUIV KGGR,KGG/ALWAYS §
ALTER 102
PARAM //DOWN/O S

GPFDR CASECC,UGV,XELM,KD1CT,ECT,=GEXIN,GPECT,PG ,0G,BGPDT,SIL,CSTM/ RF1/3
6’ NNRGY1,0GPFB1/DS0/C,Y,TINY §
PARAM //DCWN/2%0080 S

OFP UONRGY1,0GPFRL1,,,, /7 S : RF1/3
o ALTER 103,107
] RONG  CPRIUNPRLDY § e e o g asa -
o PLOT PLTPAR, GPSETS,ELSETS,CASECC,BGPDT,EQERIN,SIL,PUGVY, ,GPECT,0ES1/ RF1/3
gﬁ PLOTX2/V,N,NSIL/V,N,LUSET/V,N,JUMPPLOT/V,N,P| _"/VyN,PFILE RF1/3
g SAVE PFILEWS_“_ e SviZ, : "
=X PRTMSG ~ PLOTX2 7/ §
e LABEL P2 §
N .. ALTER 108,109 __ _____ ot i o i v =
e PARAML CAS&CC//DTI/I/7//V N,TSET §
4 PARAML  CASECC//0TI/1/6//V,N,DEFSET §

EMG _ EST,CSTM,MpT,DIT, .UGV,G?_TT,EDT/KDELM,KDDIC'I_’, 100/1/070/
///V,N,TSET/V,N,DEFSET §

CHKPNT KDELM,kDDICT §

EMA GPECT,KDDICT,KDELM,BGPDT,SIL,CSTM/KDGG,/=1_$

~ CHKPNT XDGG $

DBSTORE KDGG//V,Y,MODEL/V,Y,THETAZ/ $

NN e S R e SRl e i e
i Sl "

ALTER 160,164

COND P3,JUMPPLOT $ 3

T PLOT  PLTPAR,GPSETS,ELSETS,CASECC,BGPDT,EGEXIN,SIL,PUBGV],,GPECT,0ESBL/
PLOTX3/V,N NSIL/V,N,LUSET/V,N,JUMPPLOT/V,N,PLTFLG/V,N,PFILE RF1/3

s _ SAVE  PFILE 3 3 35S i
oo PRTMSG  PLOTX3 // 9
& LABEL Pl 8
e 3 ITERATED DIFFERENTIAL SYIFFNESS __ _ g RF_4/
Al S 107 1773 RIS PoRMAT & /SERIES M} RF 4/
) §  CABE CONTROL INPUY - oriciiini—oo ok o Bt S BRI S o 7
%&- $ DSCOEFFICTENT CARD &F &/
’%‘: ] R&é &/
b S  BULK DATA INPYT _ = B T e e ____RF 4y
e 3 OSFACT CARD i RF 4/
te. s PARAM?S EPSIN, NT, BETA ARE OPTIONAL RF 4/
RE 3 ~_ RF w/
3 : IMPRUVES ACCURACY OF DIFFERENTIAL STIFFNESS MATRIX By ITERATION :; 4/
Ei .-.ﬁc.---....----.---....Q.-----...-..---..--......-----..-.o-.-------G 4/
& ALTER 98,98 $ RFu/21 A e __J___RF 4/
% “8DRY T USETY, ,ULV,uUD0v,YS,G0,GM,P8,KFS,KSS,/UGV,PG1,0G/C,N,1/C,N, RF 4/
d ALTER 99,100 i B SRR RF 4/
»; T T R I TR (et et = y L ‘ RF 4/
3 5092 CASECCpCST",MPY.DIT.FQEXINoSTL.GPYT,EDT,BGPDT,PG.QG.UGV.ESY,/ R‘ u/
UPGy,06G61,0UGVY,NESY,NEFL,PyGVI/C,N,CSO0 8  RF 4/
UTER 110 . RF 4/
PARAM 7/C N, ADDZV N, SHIFT/C,N,=1/C,N,0 3 RF 4/
PARAM //C N, ADDIV,N,COUNT/V N, A LWAYS=®|/V,N,NEVERSY § _ _ ___ RF uy
PARAMR = //C,N,ADD/V,N DSEPSI/C Ne0,0/CiN,0,0 s RF 4/

‘ PARAML vs//c N NULL/C Ny/C,N,/C, ~./0.N Novs s RF 4/,

——— — —_——— . ——— o — . ————— — —




JUMP QuUTLPTOP :
LABEL QUTLPTOP § RF 4/
EQUlv PG,PG1/NOYS §$ RF 4/
CHKPNT PG1 i s Bt . e RF 4/
PARAM /7€ N, KLOCK/VoN,TO S RF 4/
ALTER 129.136 RF 4/
BRE. R MU IR R e A N RS ks i o RF 4/
ADD KFS,XDF3/xBFS § RF 4/
ADD KSS,KDS3/KBSS § RF 4/
COND..-—. - PGUK i = = e e 2 e e - -t e me e R b
MPYAD KBSS,)YS,/PSS/CyNyO0/CyN,1/CoeN,1/Cy)N,1 8 RF 4/
MPYAD KBFS,YS,/PFS/CyN,0/C,N,1/C,N,t/CyN,1 § RF 4/
UMERGE . . USET,PF8,PSS/PN/C,NyN/C N, F/CeNyS & — e RE- 82 §
EQUIV PN,PGX/MPCF1 RF 4/ |
CCND NOMS,MPCF 1 RF 4/ |
s UMERGE . _USET PN ZPGX/CoNeGIC N NIC N N8 e e e e e RFP-7 ]
LABEL NOMS § 4 RF 4/
ADD PGX,PG/PGG/C,N(el1,0,0,0) S RF 4/
EQULIV ____ PGG,PGL/ZALWAYS. 2 SRl B B i e W Tl
LABEL PGOK . RF 4/ |
ADD PG1,/PGO/ § RF 4/
ALTER ___ 14} il % I % —RF_u4/s |
JUMP INLPTOP ,
LABEL INLPTQOP : RF a4/ |
. PARAM_____ _//C,N,KLOEK/V,N, T2 & RF_4/ |
$§8Ge USET GN Ys,xDFS,G0O,,PG1/,PBQ, PBS.FBL S RF 4/ |
ALTER 148, 108 RF 4/ |
SDRL_.-_""USEI;.UBLV,,YS.GO.GH,PBS.KBSs,KBss,IUBGv.,QBGIC,N,1/C,No031«$“RR_u/'
ALTER 150,156 :
ADD UBGV,UGV/DUGV/C,N, (el ,0,0,0) $ RF 4/

EMG _EST,CSTM,MPT D!T..DUGV.GPTT.EDTIDRDELH OKCORICT, pppl1/040/ — -
///V 4N, TSEYIV N,DEFSET §

CHKPNT DKDELM, DKDD!CT $

EMA GPECI‘DKDDIClgDKDELﬁ BGPDT,SIL,C3tM/DKDGG, /=1 S - — ¢

CHKPNT DXDGG S RF 4/

MPYAD DXDGG,UBGY,PGO/PGLY1/C,N,0/C ,N,1/C,N,1/C,N,1 8 RF 4/ J
OSCHK . __PG1,PGI1,UBGV//CsY,EPSIN=1,5E=5/V,N,DSEPSI/C,Y,NT=._1/V,N,T0/V,RF_d/
N, TI/V,N,DONE/V,N,SHIFT/V,N,CQUNT/C,Y,BETA=Y4 § RF 4/
SAVE DSEPSI,DUNE,SHIFT,COUNT § RF 4/
SENG . . NEBONE R e s s s S, | A ¥
COND SMIFT,SHIFT § RF 4y
EQUIV PG,PG)I/NEVER $ R&+U/
EQUIV  _ PGI1,PG1/ALWAYS § I e S i S = SEE . A S .RF 4/
EQUTV PG1,PGI1/NEVER § RF 4/
REPT INLPTOP,1000 S RF 4y
TABPT _ ___ .PG!LOEGlcPG‘;ll b e el B e i R
LABEL SHIFT 8 RF 4/
ADD DKDGG,KNGG/KDGG]/C,N,(=1,0,0.0) § RF 4/
CHKPNT XKDGG1 .8 . - L b RF 4y
EQUIV UBGv, UGV/ALNAYS/KDGG] xosc/.LuAvs 'S RF 4y
CHKPNT UGV ,KDGG $ RF 4y
EQUIY . XDGG,XDGGY/NEVER/UGV,UBGVZNEVER 8. . ... ... - .. . . . . . RF 4y
REPT QUTLPTOP,1000 § RF 4/
TABPTY KDGG1,KDGG,UGV,,/7 $ RF 4y
LARRL BOMER T T s ORMNALPA@ RF 4,
ALTER 170,171 POORQU b
ALTER 176,177 ALITY

RN AP R AL IEE BN . e SRR e




camadetdh ™l b, L o et o T i o0

B

APPENDIX C

SPL 24,1 Sample Deck for One-Bladed Model
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. (DG _ EDIT DATA_

S [ ) A

_ [ADD_  MIKEDATA ASGCROS. __

PR . L4 xz:ase 900000,19997

L S R A T . R TR R SR o e e e AR AR . |
[RUN DBSTAT,228 +DEAN,06,300/200 o ISD

{SYM PRINTS,,MNS ;

(ASG,UPR EBIPRT(+1)

[USE Z,EBIPRT(+1)

(BRKPT PRINTS/Z

(QuaL ISOMSC

(ASG,AX DEANDBOL, .. _ g o A e . TR A I N e R
(USE DBO1,DEANDBO!

[ASG,AX MIKEDATA,

(ELT MIKEDATA,M1uBLD1,TPFS . BLADE]
(ELT MIKEDATA,M14B1TO,TFPS BLDITO
(ELT MIKEDATA.HUBAQDZ.TPFS$.HUBDA.

14,39 - (SRR 5 s R

009,09

.59.73
[ELT MIKFDATA,SOLPRS,TFP$,SOLPRS

e{,%1 A ORI e
(ELT MIKEDATA, srA\SOL.TPFs STATSOL

(FREE MIKEDATA,

NASTRAN TITLEOPT = 0 , DAYLIMIT = 99
ID HELIOGYRD SOLAR SAILER SOLAR PRESSURE LOADS

_SOL 24,1

tADD TPFS.STATSOL

CEND

TITLE = HELIOGYR(O SOLAR _SAILER_ONE BLAMED_MQDEL .14, THWETAO .= 0 __
'SUBTI = SOLAR PRFSSURE LOADS AND ONE DEG UNTRINMED COLL PITCH

LABEL = R27S00M, 27, bSM,OMG: 027RAD/SEC, CUTOUTS AND REDUCED CHORL
ECHO = SORT

OLOAD = ALL
DISP = ALL ___
SPCF = aALL
ELFORCE = ALL
GPFQORCE = AL
LO4D = 2
BEGIN BULK
(ADD _TPFs$,BLADEY .
(ADD TPFS,.BLDITO
[ADD TPF$,HUBDA
(ADD _TPFS,SOLPRS __

SPCHt, 10.990990
PARAM, MODEL, 14
PARAM,THETAZ,0
PARAM,GROPNT, 1
ENDDATA f
[BRKPT PRINTS
(FREE,R 2

(SYM EB}PQY,.HNS IB - TR s s ek 2 o & e 4 ey
(SY™ PQINTS..NNS y
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STATSQL Alter for S@L 24,1
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R i L o - B e LA L AL LEE A 4 D e ARl o 4 o~ et 4

s BEGINNING OF ALTER TN GET NEFLECTIONS OF ROTATING BLADE
s WIT4 SOLAR PRESSURE
ALTER 93
DBFETCH  /KDGG, 5,79, Y MODEL/V,Y,THETAZZ §
ADD KGG,KDGG/KGGDS/ §
ez, MATMOD  OM2,,,4+9/0M26,/5/V,N,LUSET §
MTRXIN, ,MATPOOL,EQEXIN,SIL,/TENPAD,,/SeN,LUSET/S,N,NOTH §
DIAGONAL KGG/IGG/SRUARE/O,0 §
ADD TENPAD.IGG/C()S2TH/(-1.0,0.0) ]

_MPYAD  OM2G,COS2THW,/NMCOS $ ___
MPYAD OMCOS,MGG,KGGNS/XGGA §
EQULYV KGGQ,KGG/ALWAYS §
WETER L00)208 . o oo 8 R o Mg S e S e
[ END COF ALTER

o= 1 e s e
I@ :
Ty e
i i s — N2 il O B e W B 5, i R Pl -
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R N i i ke e PP st e 56 e
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SPL 25,1 Sample Deck for Two-Bladed Model
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(RUN DBMD2R,228 +DEAN,25,300/200 o« ISD
(SYM PRINYS.,MNS
[ASG,UPR EBSPRT(+1)
[USE Z,EBSPRT(+1)
[BRKPT PRINTS/Z
@ (QUAL ISOMSC
[ASG,A ANASTRAN,
(ASG,ax DEANDBO1Y,
(USE DBO1,DEANDBOI
~ BREE s AR MIRE DB E R g ocninsicmiivnsinis s i cmssmmaimstos s o i e . it
(HOG EDIT DATA
(ELT MIKEDATA,M{SBLD1,TPFS,RLADE]
[ELT. _  MIKEDATA M{SBLD2,TPFS,BLADE2- - .. S e s et
[ELT M™MIKEDATA M1SByTO0,TPFS,RLDITO
[ELT MIKEDATA M1SB2T0,TPFS,RLD2TO
. (ELT MIKEDATA,MUBAOD7,TPFS,HUBDA- JREES 0, el g Goibinemmesaisrtaondl
.9016
.28'3q
-49.41
| -53,57 '
(ELT MIKEDATA ,RCTMODE,TPF$,RCTMQODE
(FREE MIKEDATA,. e o el i 1 1 s
(DELETE,C M1SCMDODICTY,
[ASG,UP M{SCMDDICT,P/7/50
[BRKPT_PUNCHS/M1SeMDODICT A
(DELETE,C MiSCMDNPTP,
(ASG,UP MISCMDNPTP,F///500
[USE NPTP,MISCMDNPTP _ S <
(ADD MIKEDATA,ASGCRDS
NASTRAN TITLEOPT = 0 , DAYLIMIT = 99 , HICORE = 82000
~ ID HELIOGYRO .SOLAR .SAILER_VIBRATION. MOPES RUN R
ﬁ) CHKPNT YES
TIME 10
.DIAG B _ Sl g -
SOL 25,1
(ADD TPFS,RCTMODE
Cmo4mm“__ Dl s 1l SR R <= MY et S S A I
TITLE = HELIOGYRO SOLAR SAILER TWO BLAPED MOUCEL 1S, THETAZ = 0

SUBTI = MODES WITH CENT FORCE, R=7500M, C=7,63M, OMG=,027RAD/SEC
LABEL = REDUCED.CHORD _AND. cUtouts,_:oLLELTLv£~FODEs--_mN__-_______“.u_"_____-
ECHO = SORT
SPC = |
METHOD = 2 _ e L . et A O e =T e e P Sy,
DISP = ALL
BEGIN BULK

(ADD __TPFS,BLADEY
LADD TPFS,BLADE2
{ADD TPFS$,BLD1TO
(ADD TPFs$,8LD2TO
[ADD TPF§,HUBDA
‘3E71,3609000000900001

EIGR,2,MGIV,0,,,02,34,34,,1,9,4EI1GR2. _ . _ ... ..

PARAM,SOLID,3 B oo A :
SPC1,1,1245,900000,900001 ORIGINAL PAGE I8
SPC1,1012456,19997,29997 . ___ . . .. _OF_POOR QUALITY




PARAM,MODEL, 15
PARAM,THETAZ,O0
PARAM,GROPNT,
ENDDATA

%t T Sallonit & oy

[BRKPT PRINTS

. (FREE,R 2

: CRDE L R T MR 0 T I - S e S e AR e
(SYM PRINTS,,MNS

— e ————— - —— - —— - ———— —
- - - - - — .- —_ -
- —— - - - - -




APPENDIX F

RCTM@DE Alter for S@L 25,1




‘ol 2o aianide lfma, S o b o

aecxunxuc OF ALrEn
5 RIGID FORMAT 2S5 ALTER TN GET RgACTIDNLESS MODES FOR
s A STRAIGHT RLADE wITH A CENTRIPUGAL LUDADING
ALTER 92 s DIFF, 8TFF,, CENT, FORCE ANp TENNTIS RACKET MQMENT
DBFETCH /KDGG,,,,79,Y,O0DEL/V,Y,THETAZ/ §
Q ADD- KGG,XKDGG/KGGDS/ $
. MATMOD OM2, 4 000/70M26G,/5/V N, LUSET . 8 i b TY L R e
MTRXIN, MATPOOL,EGEXIN,SIL,/TENPAD,,/SsN,LUSET/S,N,NOTH §
DIAGONAL KGG/I1GG/SQUARE/0,0 S
~ADD  TENPAD,IGG/COS2TH/(=1,0,0,0)_8 ___ .
MPYAD OM2G,C0S2TH,/0MCNS §
MPYAD OMCOS,MGG,XGGDS/KGGR 8
~EQUIV _ KGGR,KGG/ALWAYS §
ALTER 102,103 § Ay0ID SOL 27 ERROR
ALTER 154 $ SAVE BLADE MODE SHAPES FUR PLOTTING
OBSTORE __PHIG,LAMA//V,Y,M0ODEL/V,.Y,SOLID. S
DBMGR //7/v v.MODEL/v.v.SOL!O/v.v.uooEL/v.v SOLID/0/PHIG/UGV/ §
DBMGR /7 S
$ _ __END OF_ ALTER

- — - — - — - e ——




APPENDIX G

SPL 7,1 Sample Deck for One-Bladed Model

T 0t o 1 »

R ™ &

R R 7T R W

e

.bn.u.v-—. J,M 2

B

T NS TN T AR L
€ g B e




s

"TRUN,N  CYCMOD,228.  ,DEAN,23,400/300 , 18D

(USE_NPTP,MI4BICYNPIP __ _ __

.DIAG 7. ___ : & - =4

DIAG 20 ___ 1 s i £
SOL 7,1

—(ADD _TPFS,BLADEYL -

MR- BRAPRT ) s MBE. i s A i e i T S e b = i S s T IR

[SYM PRINTS,,MNS

[ASG,UPR EB3PRT(+1)

[USE Z,EB3PRT(+1) 3 o : e - ool
(RRKPT PRINTS/Z

{QUAL ISOMSC :
LASG,A #NASTRAN, .. M s Sl O L S PR, o S A R Y T S grett
[ASG,AX MIKEDATA,

(ASG,AX DEANDHOY,

TUSE - DBGL e DBANBRS L s - e e ittt & b e Bttt e b i et e
(MOG EDIT DATA

(ELT MIKEDATA ,M14BLD1,TPFS,BLADEY

-2810232__. e O e . o e e et Y == s

(ELT MIKEDATA,M14B1TO,TPFS, BLDlTO

(ELT HIKEOATA.HUBAOD7 TPFS.HUBDA

el 'u_.., cmow = —— ) 5.4 o ————— ——
'09. 49

(ELTY MIKEDATA NEWCYC,TPFs,NEWCYC

FEAEE . NIRRT e e R e b " SRl A
([DELETE,C mMi14BICYDICT,

(ASG,UP MI4BICYDICT,F///100

L E T R L e T T T A L e e S S -
(DELETE,C M{d4BICYNPTP,

[ASG, UP MI4BICYNPTP,F//7/21000

[ADD MIKEDATA,ASGCRDS

NASTRAN TITLEQPT = 0 , DAYLIMIT = 99

2t HeLIOGYRO._SOLAR_SAILER CYCLIC_MODES RUN. — -
TIME 7

CHKPNT YES

DIAG 8
DIAG 13

{ADD TPFS,NEwWCYC

R e AR S TR SRR L s e
TITLE = HELIOGYRO SOLAR SAILER ONE BLANRED MNDEL 14, THETAZ = 0

SUBTI = CYC MCS WlTH CENT, LDADS, R=7590M, C27,63M, UMGs,027RAD/SEC

LABEL = C=6M_AT _(,492,6)R,CUTOUT AT (, a.,vs;n___m_ A -
ECHO = SORT

SPC = 1

I B R L o i i i e e o R e
DISP = AL

BEGIN BULK %

(ADD TPFS,ALD1ITO

(ADD TPFS$,HURDA

A557n999990.0.900000.IL.___,4_ P o S A S R Uiy Wt SRS DA D > UORASIS N S A B
PARAH,MODEL,“]

PARAM, THETAZ,0 s
CELAS1,19992,19992,19996,5,19997,8. . . . .. ..o "sxf‘NGQ' .
PELAS,19992,100,,,3 O“Gnl "‘xﬂ
HAT1,11,120,6549,,43000003 of P00
ENDDATA . SR DR I R A i S I Ry o S T Sp ST M N R
[BRKPT PRINTS

(FREE,R 2

(SYM PRINTS,,MNS

———— —— - — ———— — - ———— . e — w———— .




APPENDIX H

NEWCYC Alter for SQL 7,1




SETVAL

MATMOD
DBFETCH
ADD
EQUIV
HTR‘IN'

5 R

- pe A)‘ N » e
o T AT YT bl b R i el
Yy L TN - A% T g8 g ¥ oW L AR TR

,4»
A R

MPYAD
MATHMOD
MPYAD
MaTMOD
MATPRN

 ARUGE s s s 2V a MODEL 2N Y DAY 8 e e e

DIAGONAL KGG/

" END OF RISID FORMAT ALTER 7

RIGID FORMAT ALTER TO INCLUDE YHE EFFECTS (OF =

1. CENTRIFUGAL FORCES .. . A LR A & Sk
2, CORIOLIS EFFECTS
3. TENNIS RACKET EFFECTS
.. 4, COMPLEX CONSTRAINTS AT TME CENTER QOF ROTATION .. .. .. .. .. .. _

ON RUOTATING BODIES,

- ——— o — - e r———— - ——— - — s = % ———

ALTER 33 §

_//VyN NOBGG/0_S_QVER-RULE SMA2_
ALTER 47§

n"a,s!L,.../o"ac./S/ S

KGG,KDGG/KGGA §
KGGA,KG/ALWAYS § pAD
G/SGUAREIO 0s

: ADD TENRZE, 1GG/COS2T1/(=1,0, o.0) 4
s,  MPYAD _ _CM2G,COS2TH,/OMCOS.$ . AR i e
A MPYAD OMCOS,MGG, /OMMGG $
3 ADD OMMGG, /KCENT/ $
MATMOD ___ OM1,STLseeosZ0M1G,/S/_ 3
MPYAD OM1G MGG, /BCOR 3
ADD BCOR,BGG/BGGQ/ $
_____ EQUIV_ BGGQLBGG¢AL_A15 «
ALTER 136 §
UPARTN  USETD,COUPLX/COUPLXD,,,/P/0/0 §
MATREDU __ KCENT,USET,GM,GQ/XAAQ/S,N,NOKEENT_§___ — £
ADD KDN,XKAAQ/KDDARG §$
EQUIV KDDRQ,KDD/ALWAYS §
_ ADD MDD, COUPLXD/MDDAR_S g
EQUIYV MDDB,MDO/ALWAYS $

ALTER 142 s GENEPALIZED MASS CALCULATINN

PHIDcovvalPHIDCNJollO b ]

PHIDCNJ,MPHI, /GMCX/1 S

GMCX, oo a/GMCXF 2 /2////14=5 S __ __ __ ) LG
GMCXF // §

—— - mm— e - o —

- e e e A & e ——— — — L et we s s e a8




APPENDIX I

SPL 10,1 Sample Deck for Two-Bladed Model




e @ e T SR T i O e A AR

5
]

- A

SR O R AR

v A i, & L s

Lo M ade

PRI L T T T

(ELT __MIKEDATA M15B1TO,TPFS,RLDITO_

=28,31

o s - - o s vy o e s

[RUN,N/T  DR(CM2B,228 +DEAN,75,2500/400 « ISD
(SYM PRINTS, ,MNS

tASG,LUPR EBOPRT(+1),F//7/5000

(USE Z,tB&6PRT(+1)
(BRKPT PRINTS/Z
[QUAL 1SDMSC

{(ASG,A aNASTRAN,
[ASG,AX MIKEDATA,
{ASG,AX DEANDBO1,
(USE _DBOY,DEANDBQY _
(HDG EDIT DATA

(ELT MIKEDATA,MISHLDY,TPFS,BLADF1
'2530282 ST ¥ L e Ol el AR
(ELT MIKEDATA,MISBLD2,TPF$,BLADE2.
.278.278

(ELT MIKEDATA,MiSB2T0,TPFS,BLD2TO
(ELY MIKEDATA,MUBAQD7,7PF$,HUBDA
-qctb

-09 49
.59 59

EPOINT ,999990

«73,73

EPOINr.eqooqg__w-__“L“_M“"_ i
(ELT MIKEDATA NEWFLUT,TPFS$,CPLXMD
(FREE MIKEDATA,

_IVELETE,C M1SB1CPDICT,
(ASG,uP M{SBICPDICT,F///300
IBRKPT PUNCHS/M1581CPDICY
(SAVETAPE NPTP,
M1Se2BLD CM NETP

[ADD MIKEDATA ,SECONDS
(ADD MIKEDATA +ASGCROS i Sioiriohy g Bl L5
NASTRAN 'ITLEOPT = 0 , DAYLIMIT = 99 , HICORE = 127000

ID ELIOGYRD SOLAR SAILER COMPLEX MODES RUN

TIME 21
CHKPNT YES
DIAG 14

5 3 T RN e A paiec o SRRt g YasR e L
DIAG 8

DIAG 13

DIAG 20

SOL 10,1

LADD TPF$,CPLXMD

CEND - R T N e T R
TITLE = HE_IOGYRO SOLAR SAILER TwO BLAPED MODEL 15, THETAZ = 0
SUBTI = R=7S00M, C=7,63M, OMG=,027RAD/SEC

LABEL = REDUCED CHORD AND CUTDUTS. CYycLIC MODES
ECHO) = SORT
SPC = 1

METHOD = 2

e o e OS5 e i mﬁw




- \";,%;5., A':”.hé v

P T ARy g AL
A LI R

o 4eY 2

B < L a0s L il

L T e S L. ok e A e R et ot S 5 e R

T SIS 3 RN W (N T T PR ey N

—u T TR . sl v NS P

SET 100 = 1.'7aa|.7p3..7.u..7¢5.'706..7070-7080.7090‘70100-70
110°70!20'70130'70la;'70150070160”70170‘70‘80‘7'190'7020.'70
21'm7,22..7,23.-7,2";.7.25.-7'2@.-7,27.'7'28.'7,29.'7'30..7'

31,97,32,%7,33,27,34,=7,35,27,36,27,38,%7,39,27,40,=7

SFREQ = 300

DISP = ALL

BEGIN BULK il

(ADD TPFS$,.BLADE!

(ADD TPFS,.,BLAPE2

(ADD TPFS,BLD2TO

(ADD TPFS$,HUBDA =

AR WLER L L TR T T L D e G O IR 0 SR o i B s Sk e P

ASET1,12,900000,900001

CELAS1,19992,19992,19996,5,19997,5

. CELASY, 29992,19992,29996,5,29997,5- —— ——- —

PELAS,19992,100,,,3
MATY, 11 120, 65‘900'3000003
€1GR,2,MG1v,0,,,02,40, no.,t.-e,aex.aan__u___“_uq_n__.mm_.~--m T
PARAM, LMQODES, 40
PARAM,MODEL, g,
PARAH.THEjAZ,a_. s i L S e R
PARAM,GRDPNT,
ENDDATA
. [BRKPT _PRINTS ___ 300 e
(FREE,R 2
(SYM EBGPRT, ,MNS
[SYM_PRINT3, . MNS it




NEWFLUT

APPENDIX J

Alter for S@L 10,1

PPt RetaEEPG) T B PR T W - T



_ SETVAL__ //Y /N NOKGGX/1_§

i
SETVAL  //V,N,NOBGG/1 § 1
SETVAL ___//V,N,NOK4GG/L $ BT,
EMG EST,CSTH,MPT,DIT,GEOM2, ,, /KELH,KDICT, KELM, MDICT,BELM,
BDICT/S,N,NOKGGX /S, N, NOMGG/S, Ny NOBGG /S, N, NOKUGG//C, Y,
__COUPMASS 8

CHKPNT  KELM,XDICT,MELM,MDICT,BELM,BNICT §

s Lad it Al e od Bt J5-dil o Lol b I _amed b ban ada sl g et EBaben o i A Db _gs AU te g admm el Sool ot Sl S ne Shih LSl adbd ine e S vl 4 S o 7 T R T T PRI~ © (e R e e
- . . b e em— s moames - —— . C e e e —— - - e - . L e P - e e e

s BEGINNING OF ALTER FOR COMPLEX MDUDES :
s R,F, 10 ALTER FOR COMPLFX MONFS 3
$ MODIFIED FOR FLUTTER MG {8 MAY 77 |
$ INPUT AERO FACTORS IN DMIG AERO, AnD SCALAR FACTOR IN i e |
$ PARAM ACDEF, COMPLEX 1
ALTER 2 §

PARAM  //DQWN/S%000..S _ . _. E b e S G e, s, SN ke ik 1
ALTER 21,21 § EMG AND EMA FNR R.F, 10 |
TAy, +ECT,EPT,BGPDT,SIL,GPTT, csrn/rsr,.csx GPECT,/V,N,LUSET/123/ ,

TR, £ NOS[%PII/V;N NDGENLJV‘N.GENEL e . 4 % -

ALTER 25,25 § i
CHKPNT  EST,GEI,GPECT,OGPST 3 i

SETVAL //VyN,NOMGG/1 §

ALTER 26,26 § |
EMA GPECT,XD1CY, KELM,BGPDY,SIL,CSTM/KGGX,GPST__$__ i

OBFETCH /KDGG,,,,/V,Y,MODEL/V,Y,THETAZ §
ADD KGG,KNGG/KGGA _§ _
CHKPNT KGGA §

- ——— e —— o ———— — e — — — —— ———— e . . e = e . e

ALTER 28,30 §
COND ERRORL ,NOMGG 8
. EmMA _SPECT,MDICY, MELM,BGPOT,SIL.CaTM/MGE /) /V, Y, wTMASSS],0_S !
" ALTER 31 s |
PURGE BGG/NOBGG $ ‘
_COND __ |EMAB,NORGG_S. ‘
TEMA ~ GPECT,BDICT,BELM,BGPOT,SIL,C8TM/BGG,/S,N,NOBGG § 1
LABEL LEMAB § -
CHKPNT ___BGG_S§ Eio Bt R
PURGE KMGG/NUKnGG $
COND LEMAKG ,NOKAGG §
EMa ___GPECT, KDICT, KELM,BGPOT,S L, CotM/KUGG,/ 5, Ny, NOKLGE .S
CHKPNT K4GG 8 }
LABEL LEMAKG S
ALTER __42 8 CENT_AND_CORIOLIS FORCES ® |
NA?"DD 0"2.0.;./0“26,/5/V|N LUSET 8 %
1
!

_ADD TENPAD,IGG/CUS2TH/(=1.0,0, nxis

EQUIYV KGGA,KGG/ALRAYS §

CHKPNT KGG § ot e ds AN TR T L s SR NGO,
MTRXIN,, MATPOOL, EuexIN.srL./rENPAo../s.N.LOSET/s.N NOTH §

OIAGONAL KGG/IGG/SQUARE/O0,0

"MPYAD onzc CNS2TH,/0MCOS

MPYAD oncos,ucc,/onncc s
ADD QMMGG, /KCENT/S _ _
CHKPNT KCENT S

MATMOD OM1,,,40/70M1G,/5/V,N,LUSET §
MPYAD (OMIG,MGG, /BCOR _ S
CHXPNT BCOR §

L

b 2, BNt e, LYPE AP R LI . o o e e o b St ke
ALTER 94 s "PRINT REAL MODES

MATGPR GPL,USET,SIL,PHIA/Z/H/A §

- . - e e - - — —— . — - - - - — - —— em v . . —- .

|
i
c
)
:
i
!
:

———— — o — e —— - ——— | ——— —— . s omm e mi emeie s

e e e e e ——— - L — - - - -




By gty qvi
. ‘M"

W N

" N .
<ol A TR S S P 4005 v

X
4 |
|

SRR L A ved i et B b i

_ CHKPNT B2PP §

_PARAMR _ //COMPLEX//RGON3/ /Y N,GON3 8
PARAMR 7/DIV/V,N,ROOKG/1,0/C,Y,Wa20,0 §

ALTER 105 §

MTRXIN, ,MATPOOL,EQDYN,,/COUPLX,AERD,/V,N,LUSETD/S,N,NOCOUPLX/S,N,
NOAERQ $ P=SIZE MATRICES

EQUIV KA4GG,K4PP/NQUE/XCENT,KCPP/NOUE/BGG,BPP/NCUE

EQUIV BCOR,B8CPP/NQUE/KGG,KPP/NQOUE §

CHKPNT K4PP,KCPP,BPP,BCPP,KPP $

COND L NOPSET,NQUE § _ _

VEC USETD/VPGE/P/G/E 3

MERGE X4GG,,,,VPGP,/KU4PP §

MERGE XGG,,,,VPGE,/KPP. §

MERGE KCENT,,,,VPGE,/KCPP §

MERGE BGG,4,,VPGE,/BPP §

MERGE BCORy,y,VPGE,/BCPP 8§

LABEL LNOPSET §

PARAMR //DIV/V,N,RGOW3/C,Y,6=20,0/C,Y,w320,0 §

PARAMR //COHPLEX//ROONHIIV N, 00““ 3
ADD B2PP, BPP/BX1_§

ADD KPF, exxzaxz 7G60W3 8

ADD KaPP BX2/8x3/N0W4 s

ADD BCPP,BX3/BXx4 3
CHKPNT Bxa $

EQUIV BX4,B2PP/ALWAYS §

PARAML B2PP//PRESENCE////V,N,NOB2PP §
$ GENERATE STIFFNESS TERMS
ADD K2PP,KUPP/KX1/(1,90,)/7€0,,1.) 8
ADD KCPP,KX{/KX2 8
ADD Kxa.AEROIlellc Y,MAERO=(1,,0,) $
CHKPNT KX3 §
EQUIV KX3,K2PP/ALWAYS §
CHKPNT K2PP §
PARAML K2PP//PRESENEE////V N,NOK2PP §
ADD COUPLX,M2PP/M2PPX §
CHKPNT M2PPX §
EQUIV M2PPX,M2PP/ALWAYS S
CHKPNT M2PP §
PARAML M2PP//PRESENCE////v,N,NOM2PP §
BEIRR AN R - e e =2 - Ad mo---——--——
CHKPNT M2PP,B2PP,K2PP § ' OF
ALTER 108,108 $ POOR QUALITY
CHKPNT m20D,8200,k200 &
ALTER 109, 109 s
GKAD ussfo GM, G0, P ) s K2PP ,M2PP, 82PP/KDD BOD,MDD,GMD,
_60D,k200,M200, aaoo/c N,CMPLEV/CuN, oxspzc N oxRECT/C.Y:Glo 7 L, W
N,0,0/0,0/V,N, NOKZPP/V N, NONZPP/VoN NoBZPP/v NoMPCF1/V,
N,SINGLEIV N, nnxrzv NyNOUE/V,N,NOKUGG/Y,N,NDBGG/=1/=] §
ALTER 1!0.110 ] _ ’ : i IR e
CRKPNT XDD,BDD,MNDD,GMD,GON,kK200,M4200,8200 §

ALTER 113

ADD NN, IR 2 RA 90 00000 8 e e el
ADD 7 T BHHW,/BHHX/ (232, 71057 0,) S

ALTER 114,115

PARAM FIUQUNIS § - ciooaE B TR W , N e R
CEAD =~ KHMHX,BHHX,MHH,EEN,CASEXX/PHIN,CLAMA,OCEIGS/S,N,EIGVS $

PARAM //D0wWN/S55000 §




e AL el L P PURLN NPT QU b Sk Cadan. o o (NA - o4l

€

ALTER 118 § GEMERALIZED MASS CALCULATIONS

MPYAD MHH,PHIM,/MPHI §

MATMUD PHIH.o.-./PHIHCNJ,/lo s

MPYAD PHIHCNJ,MPHI,/GMCX/1 $ 3 . Ly

MATMOD GMCX,p,99/GMCXF, /277771 ,2 §

MA\PRN GMCXF /7 $

ALTER 126 § 2 B T o ML AL , L A AT Y O N LY

PURGE QPC/ALwAvS s

MODACC CASEXX,CLAMA,PHIN,,,/CLAMAX,PHIHX,CASE2Z,,/7CEIG $

L pawEm QLR T ST A N e SRR N S e RS =y T S e o et AP € Sl

EQUIV PHIMX, PHIH/ALHAVS/CLAMAX,CLAMAIALNAYS S

CHKPNT PHIH,CLAMA,CASEZ2Z s

EQUIV . . CASEZZ,CASEXX/ALWAYS S _ . e e e

CHKPNT CASEXxX $ A

ALTER 133 $ STRAIN ENERGY DATA RECOVERY

GPFDR _.. CASEXX,CPHIP,KELM,KDICT,ECT,EQEXIN,GPECT, CLAHA,QPC,---‘m-m_-"__".__
BGPODT, SIL CSTM/ONRGYR, nGPFBR/pEIG/e.Y.TINv S

OFP UNRGYR OGPFBR//S,N,CARDND $

ADD - en VCPHIPo/CPH!PII(O.'.Ir’ o vt o, i 2350 3 i e SO S e ———————— . — —— e —

GPFDR CASEXX,CPHIPI,KELM,KDICT,ECT,EGEXIN,GPECT, CLAHA,QPC.
BGPOT, SIL.CSTMIONRGYI OGPFBI/REIGIC Y.TINY s

OFP-wh__.ONRGVI.ocPrsxxls,N,CAnouo-s._.“-___. - G

S END CF ALTER FOR COMPLEX MODES




@ APPENDIX K

Blade Pitch Distribution

S S L

1. Static Torsional Deflection of the Heliogyro Blade

v v i

A SRR P WO SR A, A Y e Sl
S TEPO A, WS R VRN

Whenever the Heliogyro blade root is set at a prescribed angle, the

-

torsional deflection (twist distribution) of the blade involves the

numerical solution of the nonlinear differential equation:
) b e . e v 4

blade chord

£
=
o
]
o
(g]
"

T = centrifugal tension load

distributed blade pitch inertia

applied blade pitching moment

SO o L
= | —
@ @D
" "

@ @ = blade pitch angle
2 Q = rotational speed
- y = radial coordinate
g The difference equation used to obtain the solution of Table 1 is:
?ﬁ(
il 45 .2 i ¥
" “n-rl - Mi + —“-Q (Ie + Ie )sin zeml
& 6 =86 + n n+l
n n+l 2
: T (LELZI
3 n \ Ay
1 90 .2 &
where M, = — Q°I sin 26
i m etip tip
M .,) 0
n+l tip
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APPENDIX K

’ Table 1. Static Torsional Deflection of Heliogyro Blade for R = 6250 m. ‘
y/R (c/2)? T I by 8 TENPAD
‘ (m?) (Nt) (kg-m?) (m) (deg) =1-c0s26
1.0 12.337 21.33 ¢ 30.00 .500000
.9875 16 29.271 29.85 78.125 30.15 .504483
.95 16 79.109 61.63 234,375 30.52 .515816
.20 16 143.630 64.09 312.5 31.01 .530695
.85 16 205.474 66.41 312.5 31.50 .545986 f
.80 16 250. 827 39.08 312.5 32.01 .561857 3
.75 16 280.432 41.14 312.5 32.53 .578415 *
.70 16 320.648 70.59 312.5 33.08 .596796 |
.65 16 370.500 74.38 312.5 33.65 .614138 :
.60 16 417.065 76.04 312.5 34,25 .633543
.55 16 460.246 77.79 312.5 34.88 .654078 ]
.50 16 499.979 78.96 312.5 35.54 .675809
@ .45 16 536.188 80.22 312.5 36.24 .698808
.40, 16 568.783 81.35 312.5 36.96 .723159
.35 16 597.693 82.35 312.5 37.73 .748953
.30 16 622.859 83.21 312.5 38.54 .776291
.25 16 644,237 83.94 312.5 39.39 .805280
.20 12.5 | 660.934 61.89 312.5 40.52 .844322
.15 9 672.486 39.51 312.5 42.15 .900538
.10 9 679.535 31.76 281.25 43.64 .952490 |
.07 9 583.279 23.86 218.75 44.82 .993747 i
.04 9 685.086 16.79 159.64 45.70 1.024306 |
.02783 9 686. 169 54.80 84.910 46.18 | 1.041012 |
.01896 9 0 48.005 46.45 1.050662
.01010 9 0 57.97 46.79 1.062309
.0012336 9 686.812 | 206.5 57.97 47.15 | 1.074887
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Solar Pressure Calculation and Other Static Deformations

1. Solar pressure at 0.25 A.U. with inertia relief for calculation of

the blade vertical deflection in S@L 24,1: é

P= po(l - ) , ]

Mass of Center Body + Flap Hinge Brace
Total Vehicle Mass !

where Y =

2 .
Py ® ('%5) (perfect reflector pressure) (reflective coefficient)

RN Al PP L a S

Typicel vaiues of u and p, are

1

| 117.041 + 32.961

] W= E ek = 0.370933 i
i p, = (16)(0.9026 x 107°)(0.9136 - 0.0049) :

< By

3 = 1.3123 x 10" % Nt/m?
S

‘ ’

Values for the vertical locads are shown in Table 1.

§ P; = plAyc :
3 Note: No solar pressure loads should be applied to the cutouts and
3 reduced loads applied to reduced chord regions.

/ |
% |
§: 2. Differential Chordwise Strain resulting from manuf~cturing deformations
;f (5 x the design limit):

Leading Edge Strain:  § x 107> 4
g o
; Trailing Edge Strain: -5 x 107°
L
;; 3. Inplane Solar Pressure Loads due to 1° of untrimmed collective pitch at i
¥ 0.25 A.U.

‘ (}) P = (po sin Oo cos eo)Ayc

; The inplane loads are shown in Table 2.
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Table 1. Vertical Solar Pressure Loads at ".25 A.U.

y/R Ay c 93
(m) (m) (Nt)
Tip 1.0 0 7.6289 0.

" .o875 | 187.5 7.6289 .118085
.95 187.5 7.6289 .118085

.90 187.5 7.6289 .118085

.85 375.0 7.6289 .236169

.80 375.0 7.6289 .236169

.75 375.0 7.6289 .236169

.70 375.0 7.6289 .236169

.65 375.0 7.6289 .236169

.60 375.0 6.8/ .210958

.55 375.0 6.0 .185743

.50 375.0 6.0 .185743

.45 375.0 6.8145 .210958

.40 375.0 7.6289 .236169

.35 375.0 7.6289 .236169

.30 375.0 7.6289 .236169

.25 375.0 7.6289 .236169

.20 375.0 7.6289 .236169

.15 375.0 7.6289 .236169

.10 300.0 7.6289 .188935

.07 225.0 7.6289 .141702

.04 175.54 7.6289 .110552

Tru-  Apex .023188| 63.04 7.6289 .039702

RIS T Ay TR g Trs TV TS
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Table 2. Inplane Solar Pressure Loads at 0.25 A.U.

. L aiadaie 2L Sl 2 o e e o B e b

y/R Ay c 8 P,
(m) (m) (deg) (Nt)
Tip 1.0 0. 7.6289 .627 0
.9875 187.5 7.6289 .630 .002064
.95 187.5 7.6289 .639 .002093
.90 187.5 7.6289 .652 .002136
.85 375.0 7.6289 .665 .004357
.80 375.0 7.6289 .678 .004442
.75 375.0 7.6289 .693 .004540
.70 375.0 7.6289 .708 .004639
.65 375.0 7.6289 .723 .004737
.60 375.0 6.8145 .738 .004319
.55 375.0 6.0 .755 .003890
.50 375.0 6.0 178 .003983
.45 375.0 6.8145 .790 .004623
.40 375.0 7.6289 .808 .005294
.35 375.0 7.6289 .829 .005431
.30 375.0 7.6289 .851 .005575
.25 375.0 7.6289 .873 .005719
.20 375.0 7.6289 .894 .005857
.15 375.0 7.6289 .920 .006027
.10 300.0 7.6289 .947 .004963
.07 225.0 7.6289 .962 .003781
.04 175.54 7.6289 .978 .002999
Truss Apex .023188 63.04 7.6289 .987 .001087

e
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Table 3. NASTRAN Solar Pressure Loads at 0.25 A.U. (S@LPRS)
FORCE 2 10120 1 o 0. 0,
FORCE 2 10500 1 b 0, 0,
FORCE ? 11000 1 £3 0, 0,
FORCE 2 11560 1 i 0, 0,
FORCY 2 12000 1 1. 0, 0,
FORCE 2 12500 1 te 0. 0,
FORCE 2 13000 1 ¥ 0, S
FORCE ? 13500 1 1, 0. s *
FORCE 2 14000 1 | 3 0, 0.
FORCE ° 14500 | te 0, 0,
FORCE 2 15000 1 1. 0, 0,
FORCE ? 15500 | fe 0, o,
FORCF 2 16000 1 Ao 0, 0,
FORCE 2 16500 1 | 5" 0, 0,
FORCE 2 17000 1 55 0, 0,
FORCE 2 17500 1 1, 0, 0,
FORCE @ 18000 1 $o 0, 0,
FORCE 2 18500 1 14 0, 0,
FORCE 2 19000 1 | 0. 0,
FORCE B 19300 1 0, 0,
FORCE 2 19600 | $ 0, 0,
FORCE 2 19700 1 0, 0,
DEFQORM § 1001 -,00U6RH1002 +,004688
DEF(IRM S 1013 -, 0140621614 +,014062
DEFORM § 1051 -, 01875 10S2 +. 01878
=2, =, *(50), =, *(S0), 3, z,
2(19%) .

GENERATE DEFORMS (N TF AND LE

DEFURM S 1901 -,01125 1902 +,01128
DEFORM S 1931 «,01125 1932 +,01125
DEFNRM S 1961 -,0063041967 +,006304
FORCE 2 10120 .1 I ,002064 0,
FORCE 2 10500 1 $a ,002093 0,
FORCE 2 11000 1 1, 002136 0,
FORCE 2 11500 1 1, ,004357 0,
FORCE e 12000 1 ts ,00au42 0,
FORCE 2 12500 1 1, ,004540 0,
FORCE 2 13000 | | 008629 0,
FORCE 2 13500 1 1, ,004737 0,
FORCE 2 14000 1 1. 004319 0,
FORCE 2 14500 | i 003890 0,
FORCE ? 15000 1 1, 003933 0,
FORCE 2 15500 1 B 004623 0,
FORCE 2 16000 1 | 008294 0,
FORCE 2 16500 1 1. «00%431 0,
F RCE 2 17000 1 Y .00557% 0,
FORCE 2 17500 1 1, 2008719 0,
FORCF 2 1R00N 1 1, L00S8S7 0,
FNRCE 2 1R%00 1 [ 106027 O,
FORCF 2 19000 1 e 00463 0,
FORCE ° 19300 1 1. .003781 o0,
FORCE 2 19600 1 1, (002999 0,
FORCE 2 19700 1  §5 001087 O,

J11R08S
«11808%
«11H08S
036169
0236169
236169
236169
236169
210958
0185743
« 185743
«210958
0236169
236169
0236169
236169
.Zsbibq
?36169
« 1848935
141702
«110832
039702

«1180AR%
«J1R08S
«118085
236169
.?30ib9
236169
2361869
236169
«210958
« 185743
«185743
«210952
.230‘69
2361069
236169
0236169
02361869
025010°
«1R8935
141702
«110852
«N39702
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g APPENDIX M

Aerodynamic Force Coefficients

1. Inplane aerodynamic force coefficients for 30° of half-P pitch and
at zero sun angle are calculated from the following equation:

dpx
Kis = - gg ¢ by

n where

dp
- A0 Z_ 2
d8 -~ T3Py
2
2 < I®
o = (3) «
K swashoutofaf’

Table 1 lists the inplane aerodynamic force coefficients for W 30°
at 0.7R and vy = 0° at 0.25 A.U.

2. Inplane and vertical aerodynamic force coefficients for 5° collective
pitch and zero sun angle at 0.25 A.U.:

dpx
Kis = 3@ ¢ by

fss " 4T o Ay OF Poo?tnqmol.mm_,
where
. dp,
2 awd " Po
: dp
*i_ ' an‘ = -3p, sin 8 cos?® (€ /6 )

Table 2 shows inplane and vertical aerodynamic force coefficients 0. " 5°
at 0.7R and vy = 0° at 0.25 A.U.




i e i " o s it b 1
e b oot i R T S ; 3

APPENDIX M 3
Table 1. Inplane Aerodynamic Force “oefficients }
for 3, = 30° and y = 0° {
y/R Ay c K KIS 1
(m) (m) (m/rad) :
1.0 0 7.6289 .833 0
.9875 187.5 7.6289 .839 .07556
.95 187.5 7.6289 . 859 .07738
.90 187.5 7.6289 .884 .07961
.85 375.0 7.6289 911 . 16409
.80 375.0 7.6289 .937 .16877 i
78 375.0 7.6289 .969 .17454 ]
.70 375.0 7.6289 1.000 .18012
.65 375.0 7.6289 1.032 .18588
.60 375.0 6.8145 1.065 +17138 i
+ 35 375.0 6.0 1.105 . 15654
@ .50 375.0 6.0 1.144 .1620%
.45 375.0 6.8145 1.185 . 19066
.40 375.0 7.6289 1.226 .22083 %
38 375.0 7.6289 1.277 .23001 S
.30 375.0 7.6289 1.328 .23920
.25 375.0 7.6289 1.381 .24875
.20 375.0 7.6289 1.434 .25829
.15 375.0 7.6289 1.502 .27054
.10 300.0 7.6289 1.570 .22623
.07 225.0 7.6289 1.612 .17421
.04 175.54 7.6289 1.655 .13954
.023188 63.04 7.6289 1.672 .05063
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Table 2. Inplane and Vertical Aerodynamic Force Coefficients
for 6_ = 5°, vy = 0° at 0.25 A.U.
y/R by c eczeo KlS" KSS
(m) (m) (m/rad) (m/rad)
1.0 0 7.6289 . 886 0 0
.9875 |187.5 7.6289 .890 .187714 .043183
.95 187.5 7.6289 .903 .187714 .043813
.90 187.5 7.6289 .921 .187714 .044687
.85 375.0 V.6289 .939 .375428 .091120
.80 375.0 7.6289 .958 .375428 .092554
Iy 375.0 7.6289 .979 .375428 .095002
.70 375.0 7.6289 1.000 .375428 .097040
.65 375.0 7.6289 1.020 .375428 .099078
.60 375.0 6.8145 1.042 .335350 .090321
.55 375.0 6.0 1.067 .295268 .081433
.50 375.0 6.0 1.092 .295268 .083341
.45 375.0 6.8145 1.116 .335350 .096735
.40 375.0 7.6289 1.141 .375428 .110722
«38 375.0 7.6289 1.171 .375428 .113633
.30 375.0 7.6289 1.202 .375428 .116642
.25 375.0 7.6289 1.253 .375428 .119650
.20 375.0 7.6289 1.263 .375428 .122561
15 375.0 7.€289 1.300 .375428 .126152
.10 300.0 7.6289 1.338 .300342 .103871
.07 225.0 7.6289 1.359 .225256 .079126
.04 175.54 7.6289 1.382 .175741 .062777
.023188| 63.04 7.6289 1.394 .063112 .022741
ORIGINAL PAGE ¥
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Table 3. NASTRAN Inplane Aerodynamic Force Coefficients (AERPCQEF)

OMIG AER() 0 1 | 0 1
s $ B $ $ s H s s $
DMIG AERD 10120 S 10120 1 «07556 1
OMIG AERQ 10500 S 10500 1 07736 |
DMIG AERD 11000 S 11000 1 07961 i
OMIG AF KD 11500 S 11500 1 016409 |
OMIG AERD 12000 5 12000 1 «16877 |
OMIG AERQ 12500 S 12500 1 .17454
OMIG AER() 13000 S 13000 1 18012
DMIG AERN 13500 S 13500 1 18588
OMIG AERO 14000 S 14000 1 L,17135% ‘ a
OMIG AERD 14500 5 14500 1 15654 f
; OMIG AERD 15000 S 15060 1 16206 |
3 OMIG  AERO 15500 5 15500 1 19066 |
: DMIG AERQ 16000 S 16000 1 «22083 1
5 N41G AFR() 16500 5 16590 1 ,23001
5 DMIG AERU 170006 5 17000 1 23920
! OMIG AERQ 17500 S 17500 1 24878
o DMIG AERDN 18000 S 18000 1 25829
i OMIG AER() 18500 S 18500 1 27054
DMIG AERD 19000 S 19000 1 0220623
DMIG AERN 19300 S 19300 1 17421 3
DMIG AER() 19600 S 19600 1 13954
DMIG AERD 19700 S 19700 1 05063 i

: R — —
[ !14 v * .
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Table 4.

DMIG
DMIG
DMIG
OM1G
OMIG
DMIG
DMIG
DMIG
DMIG
OMIG
OMIG
OMIG
OMIG
DMIG
DMIG
DMIC
OMIG
PED
OMIG
DMie
DMIG
DMIG
DMIG
DMIG
NDMIG
OMIG
DMIG
DMIG
OMIG
CMIG
OMIG
DMIG
CMIG
OMIG
DMIG
OMIG
OMIG
OMIG
DMIG
DMIG
DMIG
DMIG
oOMIG
OMIG
DMIG

NASTRAN Inplane and Vertical Aerodynamic Force Coefficients (AERPCQEF)

AFROD
AERD
AERQ
LERQD
AERQ
AERD
AEROD
AERD
AFRQ
AERO
AFRON
AERQ
AER()
AER()
AFROD
AER(
AERD
AERD
AER()
AERN
AERD
AERD
AFRN
AERQ
AFRD
AERQ
AFRO
AER()
AE M
AERN
AER(]
AERD
AERQ
AFRD
AEROD
AERD)
AERD
AERD
AFRD
AER()
AERD
AERN
AERN
AE RN
AFRQ

10120
1000
11000
11500
12000
12500
13000
13500
14000
14500
15000
15500
16000
16500
17000
17500
18000
18500
19000
19300
19600
19700
10120
10500
11000
11500
12000
12500
13000
13500
fu00o0
14Sn0
15000
15500
16000
16500
17000
17500
18000
18500
19000
19300
19600
19700

APPENDIX M

ANV NANAV ANV ANANUTANAVNANAAAVANANNANNVAYV N ANANU NJ A

10120
10500
11000
11500
12000
12500
13000
13500
14000
14500
15000
15500
16000
16500
17000
17500
18000
18500
19000
19300
19600
19700
10120
10500
11000
11500
12000
12500
13000
13500
14000
14585
15000
15500
16600
16500
17060
17500
18000
18500
19000
19300
19660
19700

W L L v 1 L Lt v 0 it Ll L Ll L L L L0 v L L L L 5 0 0t 5o 5t 1 ot et Bt s S Bl it D Bt B B i B e el B

- 187714
- 18771
-, 18774
@, 37543
«,37543
-, 3754%
-, 37543
«, 37543
«,33535
- 29527
-, 29527
-, 33535
-, 37543
- 37543
., 3754%
- 37543
-,37543
-, 37543
- 30034
- 22526
-, 17574
-« 06311
04318
00438
L0Ud69
09112
009296
«09500
«N8704
«N9908
,09032
08143
08334
09673
11972
11363
11664
«11965
12256
12615
10387
007913
«006278
02274
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® MELIOGYRLD BLADE GRIDS

s

s BLADE CENTER LTINE GRIDS

GRID 10000 100 0, 0,

GRID 10120 101 0, 0,

GRID 10500 108 0, n,
*(S00), *(S), =, ==
GENERATES CRIDS 11000 THRU
19300 193 0, 0,
19600 196 0, 0,
BLADE TRAILING EDGE GRINS
10001 100 3,81445 0,
10121 101 I.81445 o,
10501 105 3.,81445 o,
*(500). .(S), == 3
GENERATES GRIDS 11001 THRU
14003 140 3 0,
14501 145 3 0,
15001 150 3, 0,
15503 1S5S j I 0,
15501 155 3,81445 0,
«(500), *(S), == $
GENERATES GRIDS 16001 THWRU
19301 193 3,81445 o,
19601 196 3.R1445 0,

10002 100
10122 101
10502 108
*(S00), =(S),
GENERATES GRIDS
14004 140
14502 1458
15002 150
15504 155
15502 188
*(500), =(9),
GENERATES GRIDS
19302 193
196002 196
$ MELINGYRO HBLADE TRUSS
GRID 19700 199
GRID 19701 199
GRID 19702 199
GRID 19751 199
GRID 19752 199
GRID 19753 189
GRID 19754 ° 199
GRID 19801 199
GRID 19802 199
GRID 19803 199

BLANDE LEADING EDGE GRICS

.3.510050.

"3081““50.
*3,A14450,
== ¥

11002 THRU
.SQ 0.
L2 o,
-3, 0,
-3, n,

.30810050.
ss S

16002 THRU
'3.6100§ﬂ.
«3,814450,

FILAP HINGE POSY

$
19000

14001

19001

0, 175,91 0,
3.,31448 173,91 0,
»3,81445173,91 0,
3,A1445 118,51 w1,108
«3,B810u5118,51 <1,108

3,81005 118,51
o3, P1U4S118,5)
3.,81445 63,
'3.5‘“‘56301‘
3. A144S 43,

1,108

1,108
“ .2.217

2,217
1 ?.217

[

s

- a s

P Pl Gui e P>

- s e oo oo - e b

B

1
1
1
1
1
1
i
1
1
1
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GRID 19804 199 «3,A14U4563,11 2,217 1
GRID 19851 194 3,814u5 7,71 -35,325 1
GRID 19852 199 «3,A1U457,71 «3,325 1
GRID 19853 19¢ a, 7.71 0, 1
GRID 19854 199 0, 7.7 0, 1
GRID 19855 199 -4, .71 0, |
GRID 19856 199 3,81445 7,71 3,325 1
GRID 19857 199 -3,814457,71 3,325 |
L BLADE ATTACHMENT AND HUR GRINS

GRID 19990 199 0, 2,15 0, |
GRIN 19996 199 0, n, 0, 1
GRID 19997 199 0, 0, 0. |
GRID 19998 199 8, 0, 0, |
s HLADE FLEMENTS

BAROR 1001 0, 0, 1000, 1
CBAR 1000 1000 10120 10000

CBAR 1012 10500 10120

CHAR 1090 11000 10500

s, «(S0), =, #(500), *(S00), =5 §
2(15)

s GENERATES RARS 1100 THRU 1830

CRAR 1900 19300 19000

CBAR 1930 19600 19300

CBAR 1960 19700 19600

s TRAILING EDGE RODS

CONRUD 1001 10121 10001 10 022298
CONROD 1013 10501 10121 10 22296
CONROD 1051 11001 10501 10 02229=6
CONROD 1101} 11501 11001 10 27826
CONROD 1151 12001 11501 10 037396
CONROD 1201} 12501 12001 10 W4678=6
CONRDD 1251 13001 12501 10 5557 =¢
CONROD 1301 13501 13001 10 63786
CONROD 1351 14001 13501 10 AR AR
CONRDD 1401 14501 14003 10 ,T8US=6
CONRNDD 145 15001 14501 10 JRUG0=b
CONROD 1501 15503 150014 10 «9076=¢
CONROD 1551 16001 15501 10 J960U=b
CONRNOD 1801 16501 16001 10 1,007=6
COUNROD 1651 17001 16501 10 1,048e6
CONRUOD 1701} 17501 17001 10 1,084we
CONROD 1751 18001 17501 10 1,113=6
CONROD 1801 18501 18001 10 1,136=6
CONROD 1851 19001 18501 10 1,154=6
CONROD 190} 19301 10001 10 1.164=8
CONROID 1931 19601 19301 10 1,189=0
CONROD 1961 19701 19601 10 1,172=6

s LEADING EDGE RNONS

CONRND 1002 10122 10002 10 0 2229=6
CONROD 1014 10502 10122 10 022296
CONROD 1082 11002 10502 10 2229=6
CONROD 1102 11502 11002 10 27U2<6
CHONROD 1152 12002 115902 10 e 373%e¢
CONRID 1202 12502 12002 10 WUbTR=p
CONROD 1252 13002 12502 10 55576

— _*;:!III-!II-ll!!l!lIllIlIIIIIIIIIIIIIIIIIIII"'II‘




1
CONROD 1302 13502 13002 10 L6378a=6 ‘
CONRND  13S2 14002 13Sn? 10 eT1d1=b
CONROD 1402 14502 14004 10 .78u4S=¢ '
CONROD 1452 15002 14502 10 N-YLLEY)
CONROND 1502 15504 15002 10 90766
CONROD 1552 16002 15502 10 W 960U=b
CONROD 1602 16507 16002 10 1,007«6
CONROD 1652 17002 16502 10 1,048=6
CONROD 1702 17502 17002 10 1.084e6
CONROD 1792 18002 17502 10 1,113=6
CONROD 1802 1A502 18002 10 1,136=6
CONRQD 18582 190072 18502 10 1.,154=8
CONROD 1902 15302 19002 10 1,1bU=b
CONROD 1932 19602 19302 10 1,169=6 |
CONROD 1962 19702 19602 10 1,172=6 i
L SHEAR PANE
CSHEAR 1009 1009 10001 10002 10122 10121 i
CSHEAR 1019 1009 10121 10122 10502 10501 ?
CSHEAR 1109 1009 11001 11002 11502 11501 j
s, »(S0), =, *{500), =(SCN), »(S00), *(S00), == § 4
S(4) g
s GENERATE SHFAR PANELS 1159 THRIU *358
CSHEAR 1409 1009 14003 14004 14502 14501
CSHEAR 1459 1009 14501 14502 15002 15001

CSHEAR 1509 1009 15004 15002 19504 15503
CSHEAR 15959 1009 15501 15502 16002 10001

:' '(SO)' =' '(500). ‘(SOO). '(500)0 .(500)' ss 5

=(9S)

$ GENERATES SHEAR PANELS 1609 THRU 18S9

CSHEAR 1909 {009 19001 19002 19302 19301

CSHEAR 1939 1009 19301 19302 19602 19601

CSHFAR 1969 1009 19601 19602 19702 19701

3 TRUSS AND BQNM ELFMENTS

CBAR 1970 1970 19700 19701 198%4 ]
CBAR 1975 1970 19702 19700 198%4 2
CBAR 1993 1993 18888 19854 30 e
CBAR 1994 1993 19854 19883 30 e
CBAR 1998 199§ 10881 19883 19884 2
CBAR 1996 1998 G LY 19858 19”8 2
CRAR 1997 1995 19653 19856 19884 2
CBAR 1998 1995 19855 19887 19884 e
CBAR 1999 1999 19999 198%4 31 2
CONROD 1971 19701 19781 10 4,7154a«6

CONROD 1972 19702 19752 10 4,7154=0

CONROD 1973 19701 1975% 10 U,71546

CONRDD 1974 19702 19754 10 U,7154=6

CONRGD 1976 19751 19801 10 4,715d=6

CONROD 1977 19752 19802 190 4,7154de0

COMROD 1978 1975% 19803 10 4.7154de=b

CONROD 1979 19754 19804 10 4,7154de6

CONRND 1981 19801 19851 10 U4,715de=6

CONROD 1982 19802 10452 10 4,715a=6
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CSHEAR 19709 19708 19701 19702 19784 197853
CSHEAR 19758 19708 19751 197%2 19802 19801
CSHEAR 19759 19708 1975% 19754 19804 19803
CSHEAR 19808 19708 19801 19802 198%2 19851
CSHEAR 19809 19708 19803 19804 198587 19856

3 CONRUD 1983 19803 1088k 90 4,715uen
B CONROD 1984 19804 19857 10 4,715%4es
| CONRDD 1986 19751 10752 10 U,7154=6
% CONROD 1987 19753 19754 10 4,7154=6
G CONMROD 1984 19801 19802 10 4,715d=0
4 CONROD 1989 19803 19804 10 4,7154=6
b CSHEAR 19708 19708 19701 19702 197%2 19751

W

Edhe

: RBAR 2000 19996 10998 S 123486 12346

i RBAR 2001 19998 900000 123456 1234Sh

o s FLEMENT PROPERTIES

3 PBAR 1000 10 1.%9 1429

¢3 PBAR 1001 10 1,8 1,8

é; PRAR 1970 10 4,10ed 2,569-8 2,589=5 2,589=5

£4 PBAR 1993 10 4,147552,589=6 2,589=6 9,309=6 +PB199

£3 +PB1993 +PB199

b | +PB1993A,9 o9

o PBAR 1995 10 7,525 4,737 4,737 4,737

P PBAR 1999 10 2,291=8 1,5926e51,0193=51,977=7 +PB199
sPB1999 +PB199
+PB19994,% 3
PBAR 19991 11 2,79 %4 99,5677 9,567=7 1,6 81999
+R19991 +B1999
+B199914 .3 .
PSHEAR 1009 30 2,5U=p
PSHEAR 19708 20 2,C4=h
$ LUMPED MASSES "
CONM2 100 10000 100 2o sCM100
CONM2 101 10120 101 6,476 +CML0}
CONM2 105 10500 105 6,667 +CM10S
CONM2 110 11000 110 6,667 +CML10
CONMZ 118 11500 115 13,129 +CMi1LS
CONM2 120 f2000 120 13,294 +CM120
CANM2 125 12500 128 13,450 eCM125
COonm2 130 13000 130 13,596 +CM130
CONM2 135S 13500 13S 13.,7%% +CM135
conme 140 14000 140 12,285 +CMLd0
CONM2 145 14500 14S 10,830 +CMiUS
CONM2 150 15000 150 10,93% *CM1S0
CONM2 185 15500 18S 12,602 ¢CHM1SS
CONM2 160 16000 160 14,259 +CM1860
CONMR 165 16500 165 14,3% sCM168
CNNM2 170 17000 170 14,399 *C™170
CioMmz 178 17500 175 14,4585 *CM17S
Clhinm2 180 {RO0ON 180 14,500 *CM1BO
CONM2 185 18500 1RS 14,538 +CM1ES
CriNM2 190 19000 1900 11,64A +CM190
CONnM2 193 19300 194 A, 742 +CM19]3
Conme 198 19600 196 6,H24 +CM194
ONM2 197 19700 199 $.076 +CMy1Q7

ONM2 198 19854 199 32,916 +CM198




CONM2
+CM100
+CM10Y
+CM105
sCM110
+CMI1LS
+CM120
+CM12S
+CM130
+CM135
+CM140
+CMLUS
+CM1Sn
+CMLSS
+CM160
+CM165
+CM1T70
+CMLTS
+CM180
+CM185
+CM190
*CM193
+CM19p
+CM197
+CM198
+CM199
s
CORDZR
+CRY

3

CBAR
CRAR
CHAR
CRAR
CRAR
CBAR
CBaR
CRAR
CBAR
CRAR
CBAR
CBAR
PBAR
RBE?2
RBE?2
RBEZ2
=,
=(S)

s

RRE2
RAE2
RBE2
RBE2
RAE2
s,

=2 (S)

85 i st e o baihe ruuin e e L meiael hda R bAT SR i b bl il o AdiR e absite o mm b e et il Sl i adll o

199 19997 199 12,041

ol 21.%% ol
.1 3".333 !1
.l 37.112 01
ol 37.11° .3
ol 71,225 ol
| 73,638 S |
i | 75.908 ol
S | 7R,026 o1
.1 50.000 'l
P | §9,492 ol
sl 38,100 ol
ol JR,964 ol
ol 63,091 ' |
1 87,679 i |
o! R8,776 ol
g 89,726 ol
.1 90.531 .1
ol 91.189 ol
ol 91,701 ol
l‘ 73.053 .l
.1 550329 .l
ol 43,212 el
ol 53,740 el
ol 219,809 ol
ol ol ol
BLADE COQRDINATE SYSTEM

1 9000 Q. P 0 0, 0,
. &%, 0, 0,

CBARS TO REMOVF SINGULARITIFS NN TRUSS
19751 . 16751 19751 19701 19886

19752 19751 19752 19702 19887

18753 197581 19783 19701 19891

19754 19751 19754 19702 19892

19801 19751 19801 19751 198%¢

19802 19751 19802 19752 19887

19803 19751 19803 19753 198%1

19804 19751 19804 197%4 16882

19881 19791 10851 19801 19886

19852 19751 19852 19802 198%7

19856 19751 158564 19803 19881

19857 19751 19857 19804 198s%2

19751 10 1,78

RBE2S TO GET MOTINNS (N CENTFRLINE OF RLADE
1003 10000 129 10001 10002

1015 10120 123 10121 10122

1053 10500 123 10501 10502
*(%0), #«(S00), =, «(500y, «(S00), == §
GENERATES RBFE2 1103 THWRU 1403

1403 14000 123 14001 14062 {400y 14004
1453 14500 123 14591 14502

1503 15000 123 15001 15002

1553 15500 123 15501 15502 1550% 15504
1603 16000 123 16001 16002
«(50), =(500), =, «(500), =(S00), == %

GENERATES RBE2 1653 THRU 1903

o
-

LY RLVELV R VRL VI VI VI VLV R B V]

———

+CML96G

1

]
{
1
i
!

+CR{



RBE2 1933 19300 123 10301  193¢2
RRE2 1963 19600 123 18601 19607
‘ $ ELASTOMERIC BEARING STIFFNESS
CBAR 19991 19991 19994 1999n 32 F
CELAS2 19992 100, 19936 § 19997 5
MATY 11 120,6549 $4
s ELEMENTS FOR CENTER BODY INERTIA
CELAS2 19994 140, 19994 1 19997 1
CELAS2 19995 140, 19998 2 19997 2
CELAS2 1999 140, 19906 3 19997 3
3 CONSTRAINTS TO REMNVE SINGULAR DFGREES (F FREENOM
$ AN TRUSS AND Bl ADE
SPCY 1 4se 14003 14004 15563 15504
SPC§ 1 use 19751 19752 19783  197S4
SPCy 1 use 10801 19802 19803 19804
SPC1 1 4S6 . 10001 10002 10121 10122
sPCY 1 use 10501 10502 11001 11002
=, =, z, «(1000),%(1000),*(1000),#(1000),583 §
2(7)
s GENERATES SPCS (N LE AND TE OF RLADE

SPC! { 456 19301 19302 19601 19602

Sl B b e o o

i s adiis
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$ HELIOGYROD BLADE GRIDS

$
O:
GRID

BLADE CENTERP LINE GRTDS

i il

it e i e Akt s L ke Nl

T N A T ST TR S AR ey 5 e T

20000 200 0, 0, 0, 2

GRID 20120 201 0, 0, n, 2
GRID 20500 20S 0, n, 0, 2
8, «(500), *(S), =, == $
s(16)
s GENERATES GRIDS 21000 THRU 29000
GRID 29300 293 0, 0, 0, 2
GRID 29600 294 0, . 0, 2
1 BLADF TRAILING ENGE GRIDS
GRID 20001 200 3,81445 o0, 0, 2
GRID 20121 201 3,81445 o0, 0, 2
GRID 20501  20S 3,8144S 0, 0, 2
=,. *(500), *(95), = 8
2(7)
s GENERATES GRIDS 21001 THRU 24501
GR1D 24503 248§ 3, 0, 0, 2
GRID 25001 250 3, 0, 0, 2
GRID 25503 255 3, 0. 0, 2
GRID 25501 2SS 3,81445 o, 0, 2
L) *(500), *(S), ss |
s(6)
s GENERATES GRIDS 26001 THRU 29001
GRID 29301 293 3,81u45 0, 0, 2
GRID 29601 296 3,81445 0, 0, 2
s BLADE LEADING EDGE GRIDS

. GRID 20002 200 3,814450, 0. 2
GRID 20122 201 -3,814450, 0, 2
GRID 20502 205 e3,R14450, 0, 2
2, #(S00), *(S), sz 8
(7))
L ] GENERATES GRIDS 21002 THRU 24S502
GRID 24504 245 3, 0, 0, 2
GR1ID 25504 255 -3, 0, 0, 2
GRID 25502 255 -3,814450, 0, e
s, *(500), =(S), s= 3
=(6)
s GENERATES GRIDS 26002 THRU 29002
GRID 293062 293 -3,A14450, 0, 2
GRID 29602 296 «3,814450, 0, 2
$ HFLIOGYRU BLADE TRUSS FLAP HINGE POST AND B(OCM GRIDS
GR1D 29700 299 0, 173,91 o, 2
GRID 29701 299 3,81445 173,91 0, 2
GRID 29702 299 -3,810u5173,91 0, 4
GRID 29751 299 3.81445 118,51 ~1,108 2
GR1D 29752 299 «3,R144S511R,51 e},108 2
GRID 29753 299 3,81445 118,51 1,108 2
GRID 29754 299 e3,A1445118,51 1,108 2 ”Gg.lb
GR10O 294801 299 3.,R1445 63,11 “2,217 2 omem mﬂ
GRID 29802 299 ©3,8148563,11 2,217 2 o po0R QU




GRID 29403 299 3.81445 63,11 2,°17 e
GRID 29804 299 «3,8144563,11 2,217 2
GRID 29851 299 3.,81445 7,7 -5,325 2
o GRID 29852 299 «3,814457,71 -3,325 2
GRID 29883 299 a4, o | 0, e
GRID 29854 299 0, 7.71 0, 2
GRID 29855 299 -y, 7.71 0, 2
GRID 29856 <39 3,81445 7,71 3,325 2
GRID 29857 299 «3,814u057,71 3.325 2
s BLADE AYTACHMENT AND HUH GRIDS
GRID 29990 299 0, 2,18 0, 2
GRID 29996 299 0, 0, 0, 2
GRID 29997 299 0, 0, 0, 2
GRID 29998 299 0, 0, 0, 2
s BLADE ELEMENTS
CHRAR 2000 1000 20120 20000
CBAR 2012 20500 20120
CRAR 2050 21000 20500
=z, »(50), =, *»(500), =(500), == §
(1)
b § GENERATES BARS 2100 THRU 2850
CRAR 2900 29300 29000
CBAR 2930 29000 29390
CBAR 2960 29700 29600
s TRAILING FDGE RUDS
CONRND 2001 20121 20001 10 02229=6
CONROD 2013 20501 20124 10 «2229=6
CONROD 2051 2100¢ 20501 10 22296
@5’ CONROD 210 21501 21001 10 L2722t
CONROD 2154 22001 21501 10 037396
CONROD 2201} 22501 22001 10 ,Ub678=p
CONROD 2251 23001 22501 10 W 5557=6
CONRND 2301 23501 23001 10 6378=8
CONRUD 21351 24001 23501 10 71416
CONROD 2401 2usSnt 24001 10 2« 7TRAS=p
CONROD 2451 25001 245073 10 L,8490=b
CONROD 2501 2550% 250014 10 2907&=6
CONRAOD 2551 26001 25501 10 96086
CONROD 2601 26501 26001 10 1,007=6
CONROD 2aS1 27001 26501 10 1,0uB=b
CONROD 2701 27501 27001 10 1,084=6
CONROD 2751 28001 27501 10 141136
CHONRNOD 2801 28501 2R001 10 1,136=¢
CONRIID 2851 29001 28501 10 1,15U=6
29001 10 1,164=6
CONROD 2931 29601 29301 10 1,169%6
CONROD 2961 29701 29601 10 1,172=6
S LEADING ENGF RNDS
CONROD 2002 20122 20002 10 2229wt
CONROD 2014 20502 2n122 10 0 2229=6
CONROD 2052 21002 20502 10 22296
CONROD 2102 21502 21002 10 2782=6
CONROD 2152 22002 21502 10 «3739=6




CONROD 2202 22502 22002 10 yU678=6
CONRUD 2252 23002 22502 10 0 98587=6
CONROD 2302 23502 23002 10 b3T8eh
CONKOD 2352 c4002 23%502° 10 e 7141 =6
CONROD 2402 24502 24002 10 «TRUS=6
CONROD 2452 25002 24504 10 ,B8490e«6
CUONROND 2502 25504 25002 10 :9076=6
CONROD 2552 26002 25502 10 «960U=b
CONROD 2602 26502 P6002 10 1.007=6
CONRMD 2652 27002 26502 10 1,048=6
CONROD 2702 27502 27002 10 1,084=6
CONROD 27S2 2R002 271502 1¢ 1.113=6
CONROD 2R02 28502 2R002 10 1.136=6
CONROD 2AS2 29002 2R502 10 1,154=6
CONROD 2902 29302 29002 10 1,164=6
CONROD 2932 29602 29302 10 1.169=6
CONROD 2962 29702 29607 50 . 11726

$ SHEAR PANELS

CSHEAR 2009 2009 20001 20002 20122 20121
CSHEAR 2019 2009 20171 20122 20502 20501
CSHEAR 2109 2109 21001 21002 21502 21501

PSHEAR 2109 30 1,27=6

CSHEAR 2159 2009 21501 21502 22002 22001

2 *(S50,, =, x(500), *«(500), »(500), *(S500), == §
s(4)

s GENERATE SHEAR PANELS P21SY THRI 2409

$ GENERATE SHEAR PANELS 2159 THRU 2409

CSHEAR 2459 2009 2450% 24504 25002 25001
Ocsuem 2509 2009 25001 25002 25504 25503
CSHEAR 2559 2009 25501 25502 26002 26001

s, +(50), =, *(500), «(5S00), »°'S00), %(500), == §
2(S)
$ GENERATFS SHEAR PANFLS 2609 THRU 28RS89

CSHEAR 2909 2009 29001 279002 29302 293061
CSHEAR 2939 2009 29301 29302 29602 29501
CSHEAR 2669 2009 29601 29602 29702 29701

S TRUSS AND BGOM EILFMENTS

CBAR 2970 2970 29700 29701 <9884 2

CBAR 29758 2970 29702 29700 298%4 2

CRAR 2993 2993 27855 29854 ac 2

CBAR 2994 2993 P?9A5u 296851 ao e

CBAR 2995 299s 29851 298S3 298%4 ¢

CEAR 2996 299S 29852 29855 29854 2

CRAR 2997 2998 29853 29856 29484 2

C8ar 2998 2995 29855 29857 298584 2

CRAR 2999 2999 299490 29854 4y )

CONRGID 297 29701 29751 10 4,715u=6

COMRND 2972 29702 29757 10 4,7154d-6

COONROD 2973 29701 297%% 10 4,7154=6

CONROND 2974 29702 29754 10 4,71548-6

CONROD 2976 29751 29801 10 4,7154de0

CONROD 2977 29752 29802 10 4,715u=6

CONROD 2973 297%% 29803 10 4,715d-6 i

. CONRND 2979 29754 29804 10 4,7154eb mmm PAGE ~

cﬂ~poon.QU




CONROD 298} 29801 29851 10 4,7154=6

CONROD 2982 29802 298572 10 4,715de=0
CONRND 2983 29803 29856 10 4,7154=0
CONROR 2984 29804 29857 10 d4,7154=6
CONROD 2985 29751 29757 10 . 4,71S4d=0o
CONROD 2987 29753 2975u 10 4,7154=6
CONKOD 2988 292801 29802 10 4,7154eéb
CONROD 2989 29803 29804 10 U,7154=6

CSHTC AR 29708 29708 29701 29702 29782 29751
CSHEAR 29709 29708 29701 29707 297%4 29753
CSHAR 29758 29708 29751 29782 29802 29R01

CSHEAR 297589 29708 2975% 297S4 25804 29803

CSKEAR 29A08 29708 29801 29802 298582 29851

CSHEAR 29809 29708 29803 29804 29887 29856

RBAR 3000 29996 29998 by 12346 12346

RBAR 3001 29994 900001 123456 123456

$ ELEMENT PROPERTIES ,

PRAR 2970 10 4,1d4=a 2 ,SBE95 2,589+45 2,589e5

PRAR 2993 10 4,1475=52,59%«6 2,589«6 9,309«6 +PB29

+PB2993 +PB29

+PB29934A,9 9

PBAR 2995 10 7,525 4,737 4,737 U4,73a7

PBAR 2999 10 2,291=4 1,5926=51,019351,977«7 +PB29

+PR2999 +PB29

+PB29994,3 .

PRAR 29991 11 2,291=4 9,567y 9,567=7 1,=p +B299

+be99ay +8299

+£299914,3 s 3

PSHEAR 2009 30 ?,54eh

PSHEAR 29708 20 2,54mb

5 LUMPED MASSES .

C(INM? 200 20000 200 2 +CM20

CONM2 201 20120 201 6,476 ¢CM20

CONM2 205 20500 05 6,667 +CM20!

CONM2 210 21000 210 n,%82 *CM211(

COnme 215 21500 215 13,129 +C™21

COnme 220 22009 220 13,294 - *CM22¢

CONM2 225 22500 225 13,450 +CM22¢

CONM2 230 23000 230 13,59 , *+CM23¢

CONv2 235 23500 235 13,731 e(M23¢

CONMZ 240 2un00 240 13,8%6 +CM241(

CONM2 245 24500 245 12,401 sCM24t

CCNM2 250 25000 2s0 10,935 *CM25¢

CONM? 58S 25500 255 12,602 +(CM2S*

CONM2 260 26000 260 14,2509 +CM26(

CoNmM2 255 26500 265 14,3% +CM26¢

CHNM? 70 27000 270 14,399 . *CM27¢

CNNM2 275 27500 275 14,458 *CM2Te

CONMP 2R0 2R000 280 14,500 +CM28¢

ChOnme 2RS 2RS0N 285 14,538 +CM28¢

CHNMR 290 29000 290 11,648 +CM29¢

CONme 295 29300 293 A,742 +CM29:

CONMR 296 29600 296 6,824 ¢CM29¢
@ CONM2 297 29700 299 5,076 +CM293




i

¥4
9

wE
A

T ol
&

CONM2
CNNme
+CM200
+CM201
+CM20S
+CM210
+CM21S
+CM220
+CM22S
+CM230
¢CM235
+CM240
+CM24S
+CM250
+CM25S
+CM260
+CM268
+CM270
+CM278
*CM2ARA
+CM28S
+CM290
+CM293
+CM29¢
«CM297
*CM298
+CM299
S
CORD2R
+CR2
CBAR
C8AR
CRAR
CBAR
CBAR
CBAR
CRAR
CRAR
CBAR
CBAR
CBAR
CBAR
PRAR

s

RRE?
RRE?2
RBF2

298 29R54 299 32,918 +CM29}
299 29997 299 202,041 +CM29¢
ol 21,33 ol

o ) . 34,333 ol

o1 37.117 ol

ol 5,558 ol

ol 71,225 ol

o3 73,638 ol

P | 75,908 ol

01 78.020 't

ol Ro,000 ol

ol 81,R29 ol

% ¢ 60,806 |

g | 38,964 ol

ol 63,091 ol

ol B7,679 ol

ol BR,776 ol

.1 89.720 .1

.‘ 90.551 .‘

ol 91,189 ol

ol 91,701 ol

ol 73,653 ol

ol 55,329 ol

| 43,212 ol

ol 53,740 ol

.1 219,801 '1

ol ol ol

BLACE COQORDINATE SYSTEM

2 9000 0, 0, -9, 0, 0, . *CR2
1,7320511, 0,

CBARS TO REMQVE VERTICAL SINGULARITIFS ON TRUSS

29751 29751 29751 29701 29686 e
29752 29751 29752 29702 29887 2
297583 29751 2975% 29701 29881 e
29754 29751 29754 29702 29852 -
29801 29781 29801 29751 298%¢ 2
29802 29751 29802 29782 29A%7- 2
29R03 29751 “NA0Y 29783 29851 2
29804 29751 ,A04 29754 29882 2
29851 29781 FOLLR 29801 29886 2
294852 29751 'S2 29802 29887 e
29856 29751 T98%, 29803 298%1 4
29887 29781 29887 29804 298s%2 2
29751 10 1,78

RBREZ2S TO GET MNTINONS OM CENTFRLINE NF RLADF

2nnl 20000 123 20001 20002

2015 20120 123 20121 20122

2055 20500 123 20501 20502 ORIGINAL pagp 1y
.(50), .(sno)o s, 0(‘00). «(200), == § ormn QUALITY
GENERATES RBE2 2103 THMRYy 2403

2un} 24000 123 24001 24002

2453 24500 123 24501 24S02 24s03 24504
2503 25000 123 25804 25002

2553 25500 123 25501 25502 25503 25504




iE RBF2 2603 26000 128 26001 Ph002

o s, «(50), #(500), =, x(500), *(%00),

] =(S)

A @ $ GENERATES RBE2 2653 THRU 2903

E - RBE2 2933 29300 123 293%01 29302

iy RHE2 2963 29600 123 29601 29602

wo S ELASTOMERIC REARING STTIFFNESS

WS CBAR 29991 299914 29996 29990 42
CELAS2 29992 100, 29996 . § 29997
MAT2 11 120,65+9 .3
3 ELEMENTS FOR CENTER RODY INERTIA
CFLAS2 29994 140, 269994 | 29997 1
CELAS2 29995 140, 29996 ? 29997 2
CELAS2 29996 140, 29994 3 29997 3
s CONSTRAINTS TU REMOVE SINGULAR DEGREES OF FREEDOM
ON TRUSS AND B| ADE
SPCy 1 456 24503  PuSo04 . 25503 25504
SPCY 1 ase 29751 29752 29783 29754
SPCy 1 4se 29801 29802 29803 29804
SPC: 1 4sé 20001 20002 2012} 20122
S3PC1 1 456 20501 20502 21001 21002
=.7 s, s, *(1000),»(1000),*#(1000),*(1000),2= §
(7
s GENERATES SFCS ON LF AND TE NF BLADE

SPC} 1 ase 29301 29302 29601 29602
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CORDZR
CORDZR
CORD2R
CORDZR
CORNDZR
CORD2R
CORD2R
CORDZ2R
CORNZ2R
CORN2R
CORD2R
CORD2R
CNRDZR
CORD2R
CORDER
CORDZR
CORDER
CDORDER
CORD2R
CORDER
CORDER
CORDER
CORDZ2R
+CR100
+CR101
+CR10S
+CR110
+CR11S
+CR120
+CR125
¢CR13n
+CR135§
+CR1i4d0
+CR1US
+CR1S%0
+CR1SS
+CR160
+CR165
¢CR170
sLR17S8
+CR{B0
+CR18S
+CR190
+CR193
+CK19¢
+CR199
GRID

GRID

GRID

DMTIG

OMIG

DMIG

DMIG

DMIG

DMIG

100
101
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
193
196
199
300,
3o0,
300,
300,
300,
300,
300,
300,
300,
300,
300,
300,
3n0,
300,
300,
300,
300,
300,
300,
300,
300,
300,
3o

31

32
TENPAD
TENPAD
TENPAD
TENPAD
TENPAD
TENPAD

Pl B s s Pl el el Pl e Pl il G s fe G Gl P G B P P pud Pt

7500,
7406,2%
7125,
6750,
6375,
6090,
5625,
5?50.
uarTs,
as500,
4125,
3750,
3375,
3no00,
°h2S,
2250,
1875,
1500,
1125,
750,
52s,
300,

199
199
128
10000
10120
10500
11000
11500
12000

OO0 DODO0O00D00O0ODDDO00DO0ODDI9DD20DDO0

*
o
o
3
-

+u00,
+400,
«400,
+400,
+400,
+u00,
+a00,
+400,
+u00,
+400,
+400,
+u00,
+400,
+400,
+400,
4400,
+400,
+400,
+400,
+4co0,
+400,
4400,

o
.

Jgan oo aao o

7500,
406,25
712%,
6750,
6375,
6000,
5625,
5250,
u87%,
4%00,
u125,
3750,
3375,
3000,
2625,
2250,
1875,
1500,
1125,
750,
825,
300,

.71
2,15

1000,
1000,
1000,
10000
10120
10500
11000
11500
12000

(VARV R RV RV V) |

B A e b s

T LA ey

7500, 1000,
7406,25 1000,
712%. 1000,
6750, 1000,
63175, {000,
6000, 1000,
5625, 1000,
5250, 1000,
487s, 1000,
4500, 1000,
4125, 1000,
3750, 1600,
337%, 1000,
3000, 1000,
2625, 1000,
22%0, 1000,
1875, 1000,
1500, 1000,
1143, 1000,
750, 1000,
525, 1000,
300, 1000,
0, 1000,
og“““h!}’ﬂﬂslb
OF POOR OUALITY

123456

123456

123456

0,

0,

0,

0,

G'

’n.

+CR
+CR
+CR
+CR
+CRY
+CRY
+CRY
+CR}Y
+CRY
+CRY
+CRY
+CRY
*CRY
sCRY
+CPRY
+CR1Y
*CR1I
+CRY
+CR1E
+CRY
+CR1Y
+CRY
+CR{




DMT TENPAD
= DMIG TENPAD

L J DMIG TENPAD

- DMIG TENPAD

"5 DMTG TENPAD
o DMIC TENPAD
& nDM1G TENPAD
& OMIG TENPAD

- DM1G TENPAD

¥ DMIG TENPAD
o DMIG TENPAD
&3 DMIG TENPAD
o DMIG TENPAD
=t DMIC TENPAD
‘E DMIG TENPAD

OMIG TENPAD
DMIG TENPAD
DMIG TENPAD

) i
FAWE FR S

s

=

4
AN

£ Pt eh -
Py

12500
13000
13500
14000
14500
15000
15500
16000
16500
17000
17500
18000
18500
19000
19300
19600
19700
19854

gauuaaunavananaaadaada

12500
13000
13500
14000
14500
15000
15500
16000
165600
17000
17500
18000
18500
19000
19300
19600
19700
198%4

Uty s an




RS

7 <a

SRl i L

257 ) om0 5

ades 2S00

Ridaay o al ad b adu g el o
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PU P ITPRTE e ¥ W ey e YT R R VI S TR TR A (TOET L TR W T W W TIRIN. N TR 1) - TV (O T

TR et L m"j
|
|

CORDZR 200 2 0, 7500, 0, 0, 7500, 882, +CR20¢
CNRD2R 201 2 0, 706,25 0, 0, 7T404,2% 1000, +CR20"
‘g’ CORB2R 205 e n, 7128, 0, 0, T12%, 1000, +CR20"
CORD2R 210 4 0, 6750, 0, 0, 6750, 1000, +CR21I
CORDPZR 215 2 0, 6375, 0, 0, 6375, 1000, +CR21¢
CORD2R 220 e 0, 6000, 0, 0, 6000, 1000, +CR22(
CNRD2a 225 2 . 5629, 0, 0, S625, 1000, tCR22%
CORD2R 2130 2 0, 5250, 0o 0, 5250, 1000, +CR231
CORD2R 235 e 0, 487s, 0, 0, La7s, 1000, +CR23S
CORD2R 240 2 n, 4500, 0, 9, 400, 1000, +CR24(
CORD2R 245 2 0, 4125, 0, 0, 4125, 1700, sCR24S
CORD2K 250 2 0, 3750, 0 0, 3750, 1000, +CR25¢
CORD2R 255 2 0, 3375, 0, 0, 3375, 1005,  #CR2S¢
CORDZ2R 26k0 e 0, 3000, 0, 0, 3000, 1000, +CR26(
CORD2R 265 2 0, 2625, 0, 0, 2625, 1000, +CR26%
CLRD2R 270 2 0. 2250, 0, 0, 2250, 1000, +CR27¢
CORD2R 275 2 0, 1875, 0, 0, 187S, 1000, ¢caz74
CORD2R 230 2 0, 1500, O 0, 1500, 1000, +CR28(
CORDER 285 e 9, 1125, 0, 0, 1125, 1000, +CR28¢
CORD2R 290 2 0, 750, 0, 0, 750, 1000, *+CR29C
CORD2R 293 2 e, s2sS, 0. 0, 525, 1000, +CR29
CORD2R 296 2 0, 300, 0, 0, 300, 1000, +CR29
CORD2R 299 2 0, 0, 0, 0, 0, 1000, +CR29
+CR2GGC 300, 7500, +400, .
+CR201 300, 7406,25 +ulo0,
+CR20S 300, 7125, <400,
+CR210 300, 6750, +400,
+CR21S 300, 6378, +400,
+CR220 %00, 8000, +u400,
+CRZ2S 300, 5625, 000, !
+CR230 300, 5250, +u00,
sCR23% 300, 4n7s, s400,
+CR240 300, 4500, 400,
+CR248 300, 4,25, «u00,
+CR2S0 300, 3750, +400,
+CR25S 1300, 3379, +u00,
+CR260 500, 3000, +400,
+CR265 300, 2625, +400,
+CR270 300, 2250, +u00,
+CR27% 300, 1875, 4000,
+CR280 3CO, 1500, +u00, 3
+C285 300, 1128, +u00, i
+Ck2%0 300, 750, su00,
+CR29Y 300, S?2s, +400,
+CR29% 300, 300, +u400,
+CR299 300, 0, 400,
GRID a0 299 0. Ta71 100G, 123458
GRID 41 299 0, 2.19 1000, 123456 1
GRID a2 299 0, 0, 1000, 1234Se :
OMIG TENPAD 20000 S 20000 b 0,
OMIG TENPAD 20120 S 20120 5 0, .
DMIG TENPAD 20500 S 208c0 S 0,
NM1G TENPAD 21000 S 21000 S 0,
(3‘ OMIG TEMPAD 21500 S 21500 S 0,
OMIG TENPAD 22000 S 22000 S 0,
DMIG TENPAD 22500 9 22500 S 0,
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TENPAD
TENPAD
TENPAD
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APPENDIX R
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s COURDINATE TRANSFUIRMATI(INS

CORD2R 9000 0, 0, 0, c, 0, i, +CR900
e +CR9000 1, 0, 0,

GRID 900000 9000 0, 0. 0, 9000

3 MATERTAL CONSTANTS

MATY 10 120,6549 .3

MATY 20 4309409

MATY 30 : RCLYRY S

s

S CENTRIFUCAL LOAD DATA

s

RFORCEx 1 900000 9000 JU297183463E=2 +RFOR]

sRFORY] 0,EC 0,.F0 1,E0 1

s MODES TYPE BULK DATA

s

EIGR 2 MGIV 0, .02 17 17 1,29 +EIGR2

¢EIGR2 MASS _

ASETH 2 10000 12500 15000 19700

ASET] 135 10000 10120 10500 11000 11500 12000 12500

ASETH 135 13000 13500 14000 14500 15000 15500 16000

ASETY 135 18500 17000 17500 18000 18500 19000 19300

ASET] 135 19600 19700 19894

ASETH 2 20000 22500 25000 29700

ASET) 135 20000 2n0t20 20500 21000 21500 22000 22500

ASETI 135 23000 23500 24000  24S9e0 25000 25500 26000

ASET] 135 26500 27000 27500 28000 28500 29000 29300

ASET] 135 29600 29700 29854

s CYCLIC MNNES TYPE DATA

ASETH 1 10000 10500 11500 12500 13500 14500 15500

ASET) 1 16500 17500 18500 19300 19700 19997

ASET) 2 10000 15500 19997

EIGC 3 HESS MAX 1,8 +E1GC

+E1GC 9999 b

EIGC a NET MAX _ 1,=3 "#EI6CO [

sE1GCD O, 002 0, .04 ,002 3 a4 :

SPC1H 1 456 19997

SPC1 1 4s6 29997

SPCY 1 356 200000

SPC1 1 356 900001

DMI UMl 0 1 ? » 6 »

DM« OM1 1 2 ®,540C0000000«1 +D}

+0D1

DMI« omM1 2 1 +,5400000000N=1 +D2

+02

DMI nMe 0 6 2 e 6 6

NMT» oM2 1 1 «,72900000000=3 M1

*M !
. DMIw omM2 2 2 -,7290000000C=3 +M2

DMI# nm~e 2 2 0,00 M2

*M2

DMI# oM 5 5 +,7290000000D=3 +M3

*M3
’ DMIG CNuUPLx 0 1 3 0




OMIG COURPLX 900000 1 999990 0 0, 1.
DMIG COUuPLX 900000 2 Q999990 0 0,
NMIG CAUPLXY 999990 0 . 900000 1 n, -1, +CLiuPL
« NUPLX 900000 2 +1, 0.
DMIG TENPAD 0 6 | 0
SPOINT 99999p
TWO BLADED ™MODEL DATA
LOWER HUB GRID
900001 9000 0, 0, -9, 9000
STRUCTURE BETWEEN THF Twn HURS
90000 Q0000 900001 900000 1000, 0, 0, 1
90000 10 3,177=4 ,893«y ,H93=4 ,B893-4
CYyCLIC MODES DATA FOR TWOD BLANED MODELS
CNUPLX 900001 1 999991 0 0. 1,
COUPLX 900001 2 i 999991 0 1, o,
CO''PLX 999991 0 900001 1 0, -1, +COUPL

|
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