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‘The analysis eeeô.ucted consisted of the generating of an automated

vane model ing (AVM) computer program from which a NASTRAN finite element
model of the ROVAC vane could be modeled . Through the use of the AVM
program , then, 22 design variations and materials substitutions were set
up and analyzed by means of NASTRAM . Specifically the analysis involved
10 runs in which 9 advanced composite layups were compared against the
baseline ROVAC vane. Following this survey the ROVAC vane axles (FDL-l
design) and vane axles and boots (FDL-2 design) were removed for further
design improvements. Overall , the results of the study were very positive.
Bearing loads were reduced from 975 lbs to 801 and 676 lbs for the FDL-l
and FDL-2 designs , respectively. They were then further reduced to 328 lbs
by thinning the vane down to 40% of its original thickness. For these
same design changes, vane-tip deflections were reduced from 2.91 mils to
1.11 and 1.06 mils for the FDL—l and FDL-2 carbon graphite designs ,
respectively. They were further reduced to .9 mils for the 40% thick
design . In regard to actual vane weight the following improvements
were noted: Basic ROVAC Vane = .942 lbs , FDL-l = .772 lbs , FDL-2 = .608
ibs , and the FDL-2 (40% thick) .323 lbs . In addition to the above,
overall vane stresses were also reduced by 40% to 60% and vane-edge
deflections were reduced by 70%.
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FOREWORD

The analysis conducted in this report was performed in-house by
the Mechanical Branch , Vehicle Equipment Division , of the Air Force
Fl ight Dynamics Laboratory. The effort is part of an FEM Support program

(to FEE) to obtain increased capacities , and performance improvements in
the area of aircraft environmental control systems. This effort was per-
formed under Project 61460225, currently under the FEE thermal control
group. The analysis was conducted from February 1976 to February 1977 by
Kenneth P. Schwartz of the A ir Force Flight Dynamics Laboratory (AFFDL/FEM).

Special acknowledgment goes to Mrs. S. Foley (4950/ADDP) for her
timely programing assistance in this effort.

This report was submi tted by the author in March 1977.
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SECTION I

INTRODUCTION

For some time now , the AFFDL has been inves tig ati ng the use of
rotary-vaned positi ve—disp lacement air-cycle machines for aircraft

env i ronmental control systems. The selection of a rotary-vaned unit

is based on the assumption that a positive disp lacement unit of this

type is capable of operating more efficiently than conventional turbo-

machinery at the low flow rates required to cool distributed small heat
loads .

Prel iminary rotary cooler studies were undertaken with two major

objectives in mind: (1) to identify the most promising combination of
rotary mach i ne and equipment arran gement for meeting the cooler requi re-
ments , and (2) to identify any siqnific ant problem areas and possible
solution approaches.

• Two types of rotary positive -displacement machinery were considered
during previous investigat Ions; they were the single-rotor sliding -vane
type of machine , and the two-rotor fixed-vane machine. Although there are
a number of different machinery designs which use the basic sliding -vane
principle , only one design configuration (herein referred to as the
ROVAC machine) was considered for the rotary cooler applicati on . Likewise ,
only one configuration of the two-rotor fixed-vane machine was considered.
These two machines had considerably different mechanical feature s and
thus provided a reasonable basis for initial assessment of machinery
viability for the rotary cooler application.

Ult imately, a sliding-vane or ROVAC machine was selected. Schematic
drawi ngs of the ROVAC sliding -vane machine are shown in Figures 1 and 2.
The machine consists of a circular slotted rotor, concentrically
positioned in the elliptical bore of a stationary housing. Sliding
vanes in the rotor slots divide the space between rotor OD and housing

bore into a number of small spaces (cylinders ) whose volumes vary as
the rotor turns. On one side of the bore ’s minor axis these variable
volumes are used to accomplish positive displacement compression ; on
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the other s ide of the minor ax i s the var iab le volumes perform pos iti ve
displacement expansion . As depicted in Figure 2, cams and cam rollers

at the two ends of the rotor can be used to actuate the sl idi ng vanes
within the rotor slots. Or, vane actua ti on may be ach ieved v ia con tact
forces between the vane tips and the cylinder wall , as i s usua l l y the
case in commercial sliding -vane machines. The cam method of actuation
permits reduction or elimination of vane-tip contact forces, thus reducing
or eliminating vane-tip friction losses and wear. The vane—tip method
of actuation is mechanically simpler (and lower in manufacturing cost)

and will usually be selected for applications where vane-tip friction and

wear do not present severe problems .

The ultimate method selected for engineering development was the
cam actuation method because of its potentially higher efficiencies.
However , this method has inherent problems in mechanical complexity .

Within the engineering development the true severity of the mechanical
prob lems assoc i ated with cam actuation became apparent . These prob lems
are es pec ially true at the even higher des ign speeds , where payoffs in

increased efficiencies and reduced weight become highly desirable.

Basically, two distinct problems presented themselves and consisted of:

(1) bearing load/speed limi tations and (2) excessive vane-tip deflection
values. Figure 3 illustrates both of these problems on a typical vane

for use in a cam-actuated compressor.

The normal solu ti on to either one of the two prob lems i nherently
leads to compounding the other. For example, vane-tip deflection can be

reduced v i a heav ier vanes ; however , increase d bear ing loa ds w ill occu r
• due to higher centrifugal forces from the increased mass. Conversely,

reduced vane masses general l y reduce bear i ng loa ds but lea d to i ncr eased
• tip deflections.

One potential solution to the load/deflection problem is the use
of advanced low-density graphite materials. An attempt was made at this
through the use of a graphite-compacted material , held together by means

of two axles and a set of steel boots at each end of the composite struc-
ture . Figures 4 and 5 illustrate this concept , wh i ch was eventually
fabricated and tested .

4
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Although the above concept did offer some improvement , load/deflection
problems were still prevalent and were severely inhibiting the develop-

ment of an efficient air-cycle machine. Based on similar problems and

experience gained in the area of advanced composites for bearings and

lan ding-gear-component design , it was suggested that advanced fi lamentary

compos ite concepts be cons idered for use as a vane mater ial . It i s thi s
consideration which led to the formulation of the program discussed within

this report.

This program is directed toward the design and analysis of various

lighter weight vane concepts empl oying advanced composite materials.

The analysis methods used employed finite element techniques and refined
modeling methods . Basically, the program invo l ved five primary objectives

wh i ch were as follows :

A) Develop an automated finite element vane model ing (AVM) program
from wh i ch var ious vane types , s i zes , and configurations can be modeled .

B) Run several baseline checks through NASTRAN or models generated
by means of the AVM program . These models will consist of the base
graphite-compact vane (Figures 4 and 5) to which analysis results can be

compare d to ava i la b l e anal yti cal an d ex per imen tal resul ts on the vane
i tself.

C) Run eight direct composite-substitution analysis surveys to

determine the effects of using advanced composites within the vane in its
current des ig n sta te .

0) Run several additional composite runs beyond the current design
state whereby the negative effects of incorporating steel boots and axles
might be elimi nated.

E) Based on the results of C and 0 above , conduct a series of runs
i ncorporating vane thickness variations on the two most promising designs.

8
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SECTION II

NASTRAN MODELING PROGRAM

Based on previous efforts in the area , the requirement for some form
of au~ . ~ ted data generator became quite obvious. Two primary reasons
exist~ ‘ch determined this requirement and the approach to be selected
for t~e ..OlLomated data-generation system. The first was the fact that
the sizing of the air-cycle machine itself involves developmental changes
along with changes in vane dimensions and sizes. As a result , by the time
one vane coul d be set up manuall y, the data itself became obsolete. The
second and most important reason was the fact that , through a manual mode
of data generat ion , l ittle other than design verification studies could be
made within the time frames involved . Studies of this type were very
beneficial but what was really required were parametric analysis surveys
where design changes could be studied and actually implemented .

The actual parametric data-generation system, here in referred to as the
AVM (Automated Vane Modeling) program , employed in this effort involves a
total of eight parameters which can be varied in the automated mode . These
are as follows :

1. The ability to responsively change the basic dimensions of the
vane itself.

2. The ability to vary the level of detail of the analysis effort
(course versus refined finite-element models).

3. The ability to incorporate material s changes for the basic vane
itself.

4. The ability to introduce materials variations (multi-materials)
wi thin the design of a single vane .

5. The abi lity to include the use of advanced compos it es for
reduct i ons i n vane we ight.

6. The ability to vary the method of bearing attachment to the vane .

9
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7. The ability to vary the method of load transmission through the
vane by either double axl es , a single axle, or only a partial
axle.

8. The ability to automatically include and vary all of the symmetric
boundary constraints , rotational force vectors , panel inertia
variables , and vane loading and reaction boundary conditions.

1. BASIC MODEL

The AVM program developed for this effort consists of generating the
required NASTRAN input for seven basic data sets. Specifically, these
include the “GRID” set, “CQUAD2” set , “SPCl ” and “SPCADD ” set involv ing
both “RFORCE” ( rotational forces), “GRAV ” (Inertia forces) and miscel-
laneous external forces to the vane .

The basic model itself consists of a rectangular area (Figure 6)
divided into a set of NPX (x projection) and NPY (y projection) lines.
Typically, this results in a model involving a total of (NPX) (NPY) nodes
in the struc tural anal ysi s model .

To meet the eight requirements of the study , the uniform distribution
noted in Figure 6 was further developed to a point where the actual x and
y values for each x or y projection are individually input. A typical

resulting model based on this setup is further illustrated in Figure 7
along with the element idealization .

2. “GRID” DATA SET

In accordance with the requi red NASTRAN input format , the follow ing
data is included for each grid point within the model .

ITEM NO. 1 2 3 4 5 6 7 8

Cot. LOC 1-8 9-16 17-24 25-3 33-40 41-48 49-56 57-64

VARIABLE GRID ID CP x y z CD PS

10
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Nodes ‘ ( N P Y ) ( N P X ) ~ 6X8 ‘ 48
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~L____.. 34 35 36~ 37 ~8 ....... ~~~~~~~~~~~ ......... 40
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27 2 29 30 31 32

ID
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~ 17 18 $9 _______ 
21 22 23 24
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Figure 6. Basic AVM Nodal Arrangement
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Item 1 - Alpha Name Grid
Item 2 — Grid Point Number (integer)
Item 3 - Blank (for ROVAC case)
~~em ~ x , y, z values for Node Point

6 (Floating Point)

Bl ank Fields (for ROVAC case)

3. “CQUAD2” DATA SET

It is within the “CQUAD2” set where the material properties , property
variations (multi -materials per vane), and the use of advanced compos i tes
are introduced into the vane model . Specifically, these parameters are
noted as var iab les PID and TH on the follow ing NASTRAN data set.

ITEM NO. 1 2 3 4 5 6 7 8

COL . LOC . 1-8 9-lf 17-24 25-32 33-4( 41-48 49-56 57-64

VARIABLE CQUAD2 EID P10 Gi G2 G3 G4 TH

Item 1 - Al phanumer ic name “CQUAD2”
Item 2 - Element identification no. (EID) (integer)
Item 3 - Property identification no. (PID) (integer)

(See following PID discussion )
Item 4 Noda l or grid point connec ti on data for el ement no. EID
Item 5 Numbering starts at lower left and proceeds counterc l ockw i se
Item 6 around element (integers )
Item 7
Item 8 - Mater ial property or ienta tion angle for advance d compos ite

type materials (see following TH discussion )

4. PROP.~~rY IDENTIFICATION DETERMINATION (P lO)

Within a typical ROVAC vane , var ious properties ex ist across the
vane sur face i n the form of en d plates , boots , adaptors. or varying
mater ial s w ithi n the structure i tsel f. To accommodate these changes ,

13
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the AVM program was set up to include four prima ry property areas. Typi-
cally, these property areas are noted in Figure 8 as P ID values 1 through 4 ,

where :

XAp~ 
X 8~,, X CP. X 0~,, and XEP= input values (floating point)

( FORTRAN input = XP 1 through XP5)

All CQUADS lying between XAP and XBP will have PlO = 1

All CQUADS lying between X
BP and X~ , will have PID = 2

All CQUADS lying between X~, and X0~, will have PID = 3

All CQUADS lying between X 0~, and XEP 
wil l  have PlO = 4

5. THETA DETERMINATI ON (TH)

One very promising method of significantly reducing the vane weight
within an air-cycle system is through the use of advanced composite mate-

rials. To include the possibility for considering materials of this type,

a total of four theta regions is included for automated setup on the ROVAC
vane model. Typically, these regions are shown in Figure 9 as TN (or
theta ) values TH1 ... TH4 ,

where :

XATH, XBTH , XCTH. XDTH, XETH = input values (floating point)

TH 1 , TH2, TH3 , TH4 = input values (floating point)
( FORTRAN input = XTH 1 through XTH5)

and TH1 through TH4)

All CQUADS lying between X
ATH and XBTH will have TN TH1

and X CTH w i ll have TH TH2

XCTH and X DTH w ill have TN TH3

XDTH and X ETH w i ll have TN TH4

where TH 1 ... TH4 = 01 .... 04
= material property orientation angles defining at which

angle the an i sotro pi c or orthotro p ic propert ies are rela ted .

14 
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6. “CBAR” DATA SET (EDGE OPTION )

The mathematical incorporation of double , single , or partial axle
systems through the vane center has been effected by the use of NASTRAN
bar type elements. Typically, a single or double row of “CBAR” type
elements extends across the face of the vane model , one of which attaches
to a vane edge closeout connected to a bearing inner race structure .

Figure 10 illustrates segregated bar elements for a two-axle structure
and Figure 11 shows the same bar elements as they exist in the total model.
Specific locations of the height of each axle is defined by the parameters
YROD1 and YROD2 . A third parameter XROD1 is used to define the location
of the bearing inner race edge . Output of the AVM program consists of
four bar elements comprising the bearing inner race , three bar elements
comprising the attachment to the vane closeout , six bar elements simulating

the vane closeout stiffness , and a set of n-bar elements representing the

upper and l ower axles. In the event that either of the axle y positions do
not fall coincident to an existing line of nodes (i.e., nodes 6, 7, 8, 9,
10, Figure 11) the AVM program will automatica l1 y generate a set of nodal
points to which bar elements may be connected . It should be noted , however ,
that very high aspect ratio elements could result when an axle position is

very close to but not coincident wi th an existing line of nodes. In
accordance wi th the required NASTRAN input format the following data is

included for each “CBAR” element within the vane model .

ITEM NO . 1 2 3 4 5 6 7 8 9

COL . LOC . 1-8 9-16 17-24 25—32 33-40 41-48 49-56 57-64 65-72

VARIABLE CBAR ElO PlO GA GB X l X2 X 3 F

Item 1 - Alpha name “CBAR”

Item 2 - Element number (EID); sequenced starting after all
“CQUAD” elements have been numbered

Item 3 - Property identification number
(see follow i ng PID di scuss i on)

16 
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Item 4 Nodal or grid point connection data for element. Numbering
Item 5 proceeds left to right for all horizontal elements and

from bottom to top on all non-horizontal elements.

Item 6 Vector component definition for bar element coordinate
Item 7 system orientation .
Item 8 (0. for horizontal bars) = Xl(1. for non-horizontal bars )

(1. for horizontal bars) = X2(0. for non-horizonta l bars)
(0. for all bars ) = X3

Item 9 F=l = flag denoting that Xl , X2, and X3 will be read as
above

7. DOUBLE , SINGLE , OR PARTIAL AXLE OPTION (PLO DETERMINATION)

Within the analysis model , provision has been made to generate either
a single or double axle model. For the single axle , the upper bearing

attachment axle will always be generated without the l ower axle. Each of
the two axles in the two-axle case have been set up independently of each
other with four sets of material properties as noted in the P10 field
(Item 3). Specifically, within the model the upper axle is defined with
PlO’ s of 5, 6, and 7 where the l ower axle is defined with a P10 equal to 8.
Within the imediate vane region constant properties have been assumed

across the entire axle. Out of the direct vane region , the closeout edge
has been assigned a PID equal to 6 while the bearing support region consists
of a PlO equal to 5. One “CBAR” element in the bearing structure but
immediately adjacent to the vane upper axle also carries a PID value equal
to 7, in that it is upper axle material. A typical “CBAR” set for the
model illustra ted in Figures 10 and 11 is noted in Table 1.

For a partial or no axle model either entire “CBAR” car d sets can be
extracted from the resulting output or property values revised to negate
the effects of the “CBAR ” elemen ts .

18
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TABLE 1

“CBAR ” OUTPUT FOR FIGURES 10 AND 11

CBAR 33 5 46 47 0.00 1.00 0.00 1
CBAR 34 5 47 48 0.00 1.00 0.00 1
CBAR 35 5 48 49 0.00 1.00 0.00 1
CBAR 36 5 49 50 0.00 1.00 0.00 1
CBAR 37 7 50 26 0.00 1.00 0.00 1
CBAR 38 7 26 27 0.00 1.00 0.00 1
CBAR 39 7 27 28 0.00 1.00 0.00 1
CBAR 40 7 28 29 0.00 1.00 0.00 1
CBAR 41 7 29 30 0.00 1.00 0.00 1
CBAR 42 8 6 7 0.00 1.00 0.00 1
C8AR 43 8 7 8 0.00 1.00 0.00 1
CSAR 44 8 8 9 0.00 1.00 0.00 1
CBAR 45 8 9 10 0.00 1.00 0.00 1
CBAR 46 6 11 16 1.00 0.00 0.00 1
CBAR 47 6 16 21 1.00 0.00 0.00 1
CRAR 48 6 21 26 1.00 0.00 0.00 1
CBAR 49 6 26 31 1.00 0.00 0.00 1
CBAR 50 6 31 36 1.00 0.00 0.00 1
CBAR 51 6 36 41 1.00 0.00 0.00 1
CBAR 52 5 21 50 1.00 0.00 0.00 1
CBAR 53 5 50 31 1.00 0.00 0.00 1

8. “CBAR” SET (OPTION NON-EDGE )

In the previous axle model , an existing set of nodes along an existing
y edae was used to define the axle bar elements or one was automatically

generated . For some cases , howeve r, it may be required that the axle be
modeled across the centroid or some portion of the element other than the

element edge. For the latte r case , an entirely new set of nodal values
is generated. Within the AVM program nodes may be suppressed and the

generation of a line of non-edge nodes can be interchanged . Figure l2a

illustrates this suppressed mode for a single axle non-edge generation
scheme . Node points 51 through 55 have been added to the base model and

from which the axle noted in Figure l2b was modeled. All of these nodes
are totally independent of any element edge and truly lie across one of
the existing elements in the structural model. It becomes obvious ,

howeve r, that the axles modeled in this case are not inherent to the basic

structura l model. Some additional modeling will therefore be required to

19
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relate the axles to the model . This additional modeling has been left up
to the user and has not been automated into the AVM program.

For the non-edge case , the vane closeout edge is modeled such that
two bars are modeled across the left edge of the element divided by the
axle. Two additional bars are generated above and below the inner race
attachment points as is done in the edge case. All other modeling para-

meters are identical to the edge case.

9. “SPC” DATA SET (MATHEMATICAL CONSTRAINTS)

‘-lithin the AVM program various SPC (Single Point Constraint) sets are

also generated. These sets include reaction points , unidirectional bearing

constra i n ts , M
~ 

cons tra i n ts , and symmetry constraints for symetrical
modeling. Each of these SPC sets is discussed in the following four

sections.

a. Symmetry ConditiOn

Due to the fact that the vane is symmetrically loaded and
dimensionally identical about its centerline , onl y one ha l f of the vane
need be modeled . To effect this symmetry the AVM program selects the
appropriate edge nodes along the centerline (Figure 13) and generates an

appropriate NASTRAN “SPCl’ card for each node point along this centerline

edge. The actual constraints used resist both motion in the x direction

and rotation about the y axis.  The specific SPC1 format output is as
follows :

ITEM No. 1 2 3 4 5

COL. LOC. 1-8 9-16 17-24 25-32 33 40

VARIABLE SPC1 SID C G D

21 
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Item 1 - Alphanumeric name “SPCl ”
Item 2 - Constraint ID number , initialized at SID = 100 (integer)

followed by consecutive +1 incrementing

Item 3 - Constraint factor no. 15 denoting a constraint in the
1 and 5 or X and My di rect ions , respectively (integer)

Item 4 - Nodal point to be constrained (integer)

Item 5 - N/A (blank)

33 34 35 $ 3 6
Bearing I
Reaction
Points 

~9 30 31 32

25 26 27 281
~37 \~36\3~~4O 

<
4
~
l 42 43 44 f 451 ~~

‘~2l 22 23 1 241
I? $8 $9 

~~ 20I
Point of 

_______ 
$4 $5 $6Urnd irect tono l

Bearing 9 10 II I _ I2~ ~
Constraint I

5 6 7 
__i-

8

i j

_ _ _  
2 

L1
~~~~~~~

’

Nodes for Constraint a 4, 8, 12,16, 20,24,
28,32, and 36, Plus
No. 45 on Axle End c.

FIgure 13. AVM Symmetrical SPC Set Definition
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b. Unidirectional Bearing Constraint

W ithi n the anal ysis model a “SPCl” constra int i s generated repre-
senting the total restraint existing (in the y plane) at the bearing. At
this point y motion is reacted by the ROVAC track , x motion is reacted by
the machine end plates , Mx~ 

and My are reacted through the rotor and z is

fixed because of ’ the y plane constraint. Typically, th is bear i ng con-
straint is always applied to the left most nodal point (No. 37, Figure 13)

on the inner race axle model . For thi s case , one “SPC1” card i s generate d
with C = 123456. The assigned SPC set number for this card is 500.

c. Reaction Points

Prima ry loads within the ROVAC vane structure are generated from

both rotational and linear inertia effects. Typically, these loa ds are
reacted in the ~y direction at the bearing inner race mount. This mount

in the automated generator consists of the four left most nodal points

(i.e., 37 through 40 , Figure 13). To satisfy the ~y reaction, three of

these four points must be additionally constrained . This is accomplished

through the use of a “SPCl’ card containing all three points where C is

set equal to 2. The SPC set number for this card is 502.

d. ~ Ax i s Moment Constra int (Mi)

The standard CQUAD2’ NASTRAN Mz cons tra i nt set has been
represented in the vane model by the SPC set number 501. Wi thin this set
all nodal points wi thin the model are constrained in the R3 direction.
A point of caution or possible error is presented at this point , in that
those “CBAR’1 elements requiring M2 freedom could adversely be affected

through this M
~ 

SPC1 imposition . If this is the case, a separate hand-

generated SPC1 set would have to be developed for M
~ 

wh ich woul d not
include nodal points associated with any “CBAR” type elements .

e. Combined Constraints

All of the SPC sets genera ted for the vane model are combi ned
into a s ingle constra int se t. T hi s cons traint set i s assem b led by means
of the “SPCADD ” car d an d cont inua ti on car ds. The final resul t i ng SPC set
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for NASTRAN case control is Sb = 99. Table 2 is a tabulation of all the
SPC sets and SPC combination for the model noted in Figure 13.

TABLE 2

AVM GENERATED CONSTRAINT SET
- 

SPC1 100 15 4
SPC1 101 15 8
SPC1 102 15 12
SPC1 103 15 16
SPC1 104 15 20
SPC1 105 15 24
SPC1 106 15 28
SPC1 107 15 32
SPC1 108 15 36
SPC1 109 15 45
SPC1 500 123456 37
SPC1 501 6 1 THRU 45
SPC1 502 2 38 39 40
SPCADD 99 100 10]. 102 103 104 105 106 ABC1O
+BC1O 107 108 109 500 501 502

(Reference Figure 13)

10. PROPERTY AND MATERIA LS DATA

Quadrilateral properties within the ROVAC model are defined by means
of “PQUAD2” cards representing each of the four vane areas previously
discussed.

a. “PQUAD2” Data
The specific “PQIJAD2” data output for the ROVAC vane model is as

fol lows :

ITEM NO. 1 2 3 4

COL. LOC. 1-8 9-16 17-24 25-32

VARIABLE PQUAD2 PID MID I

Item 1 - Alphanumeric name “PQUAD2”
Item 2 - Property identification no. (PID) (INTEGER)

Item 3 - Material identification no. (references a specific material
card where the specific material properties are defined for
the property identification (Plo) (INTEGER)

Item 4 - Thickness of all elements relating to this property (Real Number)
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b. “PBAR” Data

Bar element properties within the ROVAC model are defined by

means of four “PBAR” cards representing each of the four axle or bearing-
support regions previously discussed . Due to the fact that some of the
properties are small and are self-computed by the automated data-generator

program, a la”ge field card was required . The specific large field “PBAR”

data output for the ROVAC vane model i s on two cards as follows :

ITEM NO. 1 2 3 4 5 6

COL. LOC. 1-8 9—24 25-40 41-56 57-72 73-80

VARIABLE PBAR* PID MID A Il QABCDEF1

ITEM NO. 7 
- 

8 9

COL. LOC 1-8 9-24 25-40

VARIABLE *ABCDEF1 12 J

Item 1 - Alphanumeric name IIPBAR*II where the * flags a large field
card and the following four fields of data on the card will
be read in fields of 16 rather than 8.

Item 2 - Bar property identification number (Pro) (Integer)
Item 3 - Material ID No. (Ref. PQUAD2 card )
Item 4 - Bar cross-sectional area (Real)
Item 5 - Area moment of inertia (Direction 1) (Real)
Item 6 - Coded continuation card flag
Item 7 - Continuation cards related to coded item number 6

= large field flag for items 8 and 9)
Item 8 - Area moment of inertia (Direction 2) (Real)

Item 9 - Torsional constant (Real)

25 
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c. “MATi ” Data

Each of the “PQUAD2” and “PBAR” cards noted prev iously conta i ns
a material identification number as Item 3. For the ROVAC vane each of

these ID numbers i s unique for eac h of the e ig ht property cards . As a
result , eight unique materials cards are required for the ROVAC model .
Typically, each of these eight mater ials references are output as follows :

ITEM NO. 1 2 3 4 5 6 7

COL. LOC. 1-8 9-16 17-24 25-32 33-40 41-48 49-56

VARIABLE MAT 1 MID E G MU RHO

Item 1 - Al phanumeri c name “MATl”
Item 2 - Materials property identification number per property

card reference (Integer)
I tem 3 - Youn g ’s modulus (Real)
Item 4 - Blank for ROVAC Case (computed wi thin NASTRAN )
Item 5 - Po i sson ’s ratio (Real)
Item 6 - Mass density (Real)

Item 7 - Blank for ROVAC model

11. ROVAC VANE LOADING

As stated previously, vane loads are generated from two primary
sources , consisting of rotational and inertia forces generated during
air-cycle machine operation . Specifically, the rotational forces result
from pure rotor rotation , whereas the inertial force is added due to the
effects of in and out movement of the vane through the rotation angle.
To simulate these loading values in the ROVAC model , two distinct input
sets are genera ted by the AVM program.

a. Rotational Force (“RFORCE”)

The first load condition consists of a rotation force (“RFORCE”)
data set defining a static loading condition due to a centri fugal force
field. Based on the mass properties of the model , a corres pon di ng
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centrifugal loading for each element in the model wil l  be generated. The
specific ROVAC AVM output for the “RFORCE” data is as follows :

ITEM NO . 1 2 3 4 5 6

COL . LOC . 1-8 9-24 25-40 41-56 57-72 73—80

VARIABLE RFORCE* SID 0 CID A QRFORCE1

ITEM NO. 7 8 9 10

COL . LOC. 1-8 9-16 17-24 25—32

VARIABLE +RFORCE1 Nl N2 N3

Item 1 - Al pha name IIRFORCE*I’ where the * flags a large field set
and the following 4 fields of data wil l be read in fields
of 16 rather than 8.

Item 2 - Unique load set identification number (Integer) (for
ROVAC SID = 20).

Item 3 - Grid point identificati on number indicating a center of
rotation for the ROVAC vane model (Integer).

Item 4 - Blank for ROVAC case indicating that the basic co-ordinate
system defines the rotation direction .

Item 5 - Scale factor for rotational velocity in revolutions per
unit time (ROVAC = rps).

Item 6 - Coded continuation card flag.
Item 7 - Continuation card related to coded Item No. 6.
Item 8
Item 9 Rectangular components of rotation direction vector (Real).
Item 10

b. Inertia Loading (“GRAy”)

The second load condition consists of a gravity vector “GRAV”
data set defining a gravity vector simulating an inertia type loading for
the ROVAC vane model . Based on the mass properties , then, a corresponding
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inertia loading for each element in the model wil l  be generated . The
specific ROVAC AVM output for this “GRAy” data is as follows :

ITEM NO. 1 2 3 4 5 6

COL . LOC . 1-8 9-24 25-40 41-56 57-72 73-80

VARIABL E GRAV* SID CID G Nl QGRA V 1

ITEM NO. 7 8 9

COL. LOC. 1-8 9—16 17-24

VARIABLE #GRAV1 N2 N3

Item 1 - Alpha name “GRAV*” where the * flags the large field set

noted previously.
Item 2 - Unique load set identification number (Integer)

(for ROVA C Case SID = 21 ) .
Item 3 - Coordinate system identification number set to blank (0)

for the ROVAC case. (References the basic coordinate system.)
Item 4 - Actual gravity vector value (Reference the following

gravity vector discussion).
Item 5
Item 8 - Gravity vector components (Real).
Item 9
Item 6 - Coded continuation card flag.
Item 7 - Continuation card related to coded i tem No. 6.

c. Gravity Vector (Item 4)

Within the air-cycle machine , it was noted that the vane is
traveling about an elliptical path, which results in an in-and-out trans-
lation of the vane itself throughout each rotational cycle. The magnitude
and direction of this travel is of course controlled by the elliptical cam

track and the slots within the rotor are as noted in Section I , Figures
1 and 2. As a result of this in-and-out vane motion at high rotor speeds ,
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a very significant inertia load is generated on the vane. In addition
to this load , a friction load is further imposed as a result of the vane
sliding in-and-out of the rotor slot . Both of these forces are repre-
sented within the AVM NASTRAN model by means of an acceleration or gravity

vector value on a GRAV input card . The actual value of this vector can

be derived from several sources or -ft could be computed from the machine
geometrical parameters . The provision for computing the value is provided

by means of eight input parameters ALDATA( 1) through ALDATA(8). For this
provision , the specific geometric equation would have to be added to the
program. For the analysis conducted in this report , a representa ti ve
input value was derived from an additional computer program which specifi-

cally analyzes the geometric relationship. The actual AVM input value is
an acceleration va l ue noted in inches per second.

d. Combined Loads

Both the “RFORCE ” load and ‘ GRAy t l oad sets are combined into a

common load set through the use of a simple load card . For the ROVAC
case , the rotational and gravity force sets have been identified as 20 and
21 , respectively. The resulting combined load set has been identified as
number 30 for NASTRAN case control . The specific ROVAC AVM output for the
“LOAD” set is as follows :

ITEM NO.. 1 2 3 4 5 6 7

COL. LOC . 1 1-8 9-16 17-24 25-32 33-40 41-48 49-56

VARIABLE 1 LOAD SID S Sl Ll S2 12

Item 1 - Al pha name “LOAD ”
I tem 2 - Load set ID number (Sb - 30 for ROVAC AVM)
Item 3 - Scale factor for Item No. 2 load set (S = 1.000 for ROVAC AVM )

Item 5~- Load set identi fication numbers to be combined into the SID
Item 75_ set. For the ROVAC case, Ll = 20 and L2 = 21.

Item 4~- Respective scale factors (Sl , S2) for loa d se ts (Ll , L2).
Item 61- for ROVAC AVM Sl = S2 = 1.000.
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e. Parameter Usage (“WTMASS” and “GRDPNT”)

In ac cor dance w ith NASTRAN requ i remen ts an d des i red ROVAC ou tput
two “PARAM” cards are generated by the AVM program. These include a grid
point “GRDPNT” and a weight mass “WTMASS” parameter in accordance with

the following:

ITEM NO. 1 2 3

COL. LOC. 1-8 9-16 17-24

CARD 1 VARIABLE PARA M WTMAS S .002588

CARD 2 VARIABLE PARAM GRDPNT 0

The weight mass parameter (“WTMASS”) will result in all structura l
mass matrix terms being multiplied by the value contained in Item 3. For

the ROVAC case, the mass parameter is h g ,  resulting in:

F = r 2 m = r w w

where

h g  = l/(32.2)(l2) = .002588 weight mass parameter
F = force
w = angular velocity
r = radius

The grid point (“GRDPNT”) parameter will result in the execution of
the weight generator package where principal vane masses , centers of
gravity , and inertias about the center of gravity will be generated.
The value contained as Item 3 indicates the grid point to be used as a
reference point for th 1 s information . For the AVM program , this value has
beei set at zero, and as a result the reference point is taken as the
origin of the basic coordinate system.

f. Rotational Axis Definition

The generation of rotational forces for ROVAC studies require

the definition of a rotational axis about which the vane shall rotate .
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As noted previously in the RFORCE output , Item 3 , (G) is required to
define this axis specifically. The value G is a designated grid point
lying on the axis of rotation from which the centrifugal force is derived .
For the ROVAC AVM case , this grid point is an entirely independent point
where :

x z = O .O --

y = y0 = AXIS

AXIS = distance from vane edge to the center of rotation

g. Pro gram Term i na tion

For program termination , the required “ENDOATA” card is self-
generated within the ROVAC AVM program .
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SECTION III

AVM PROGRAM INPUT AND OPERATION

As noted in the program listing contained in Appendix A , the AVM
program consists of a main program called VANE and seven associated
subroutines. These subroutines and their respective functions are as
follows :

READIN - Program to simply read in and store all of the required
program input data.

GRID - Program to generate all of the X-Y co-ordinate valut~s
associated with each nodal point within the structural
model . (output to TAPE 7)

CQUAD2 - Program to calculate and set up all of the quadralateral

elements within the finite element model . (output to
TAPE 7)

LISTIN - Proqram to write Out all input data and associated internally
computed input values. (output to TAPE 6)

CBAR — Pro gram to cal cul ate and se t up all o f the bar elements
within the finite element model . (output to TAPE 7)

CALCIN - Program to calculate and set up all of the PQUAD2 , PBAR ,
MATI , SPC1 (500), SPC1 (501), SPC1 (502), RFOR CE , GRA y ,
PARAM (WTMASS), PARAM (GRDPNT ) , GRID (Rotational), and
ENDDATA cards required for the finite element analysis.
(output to TAPE 7)

SPC - Program to calculate and set up all of the constraint cards
required to model the symetry conditions associated with
the vane model . (output to TAPE 7)

a. Input Subscripts

AWl program input variables are generally related to eight
sections or materials property areas contained within the model. Four of

these areas are conta i ned within the vane itself while the remaining four
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are restricted to the vane axles. These eight areas are related to
property variables within the program by means of subscripts or arrays

numerically equivalent to the area number. Each of these eight areas

is noted in Figure 14 and defined as follows :

Al th rou gh A4 - Four areas across vane face (le ft to r ight where
thickness , p, i, E , and other properties may be
varied).

A5 - Upper axle bearing-support area extending to the
left of the axle transition area .

A6 - Axle trans it ion an d vane closeou t areas loca ted to
the immediate left of the vane itself.

A7 - Upper axle extending through the vane and into the
upper axle bearing -support area .

A8 - Lower axle area extending through the vane .

b. Computed Variables

Within the AVM program axle areas and axle area moments of
inertia ‘xx and Iyy ) are self computed and automatically programmed into
the NASTRAN output deck. The computations are based entirely on AVM

input and are individually related to axle areas 5 through 8.

W it h in NASTRAN vane accelera ti ons and i ner ti a , forces are
com puted base d on a van e s peed i n revolu ti ons per secon d. The resul ti ng
NASTRAN output from the AVM program automatically accounts for these
un it s. Grav ity accelerat ion values can also be com pute d wit h i n t he AVM
program if desired . These values are based upon air-cycle machine design
criteria as defined by AWl program input variables. The actual compu-
tation is based on input data noted as ALDATA (1) through ALDATA (8).
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c. Program Input

Input to the AVM program is accomplished by means of card or
card sets containing all of the variables required for AVM program
operation . Each of the individual cards or card sets is described as
fol l ows :

CARD 1 - INPUT VARIABLES = NPX , NPY , PRINT

FORMAT = 215, Il

NPX = number of points to be input along the X axis of
the vane from which specific X values will be
calcu lated for each nodal point.

NPY = same as NPX only for V axis and V values

PRINT = I or F value indicating whether or not an output
listing of the program input is desired.

CARD 2 - INPUT VARIABLES = XIN(I) where I = 1 to NPX
(SET )

FORMAT = 8F10.O

X IN = actual X values to be input for the X sectioning
of the vane s truc ture (values in inc hes) .

CARD 3 - INPUT VARIABLES = Y I N(I )  where I = 1 to NP?
(SET)

FORMAT = 8FlO.O

YIN = actual V values to be input for the Y sectioning
of the vane structure (values in inches).

CARD 4 - INPUT VARIABLES = XP 1 , XP2, XP3, )(P4, XP5

FORMAT = 8F10.0

XP 1 through XP5 = 5 X values which divide the vane into
four distinct areas for the future
ass ignment of vary i ng ma ter ial p ro pert ies
across the vane face (val ues in inches).
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CARD 5 - INPUT VARIABLES = XTH 1 , XTH 2, XTH3 , XTH 4, XTH 5

FORMAT = 8F10.O

XTH1 through XTH5 = 5 X values which divide the vane into

four di st i nc t areas for the fu ture
ass ig nmen t of var yi ng the ta values
defining material property orientation

ang les across the vane face (values
in i nches ) .

CARD 6 - INPUT VARIABLE = TH1 , TH2, TH3. TH4

FORMA T = 8F10.O

TH1 through TH4 = actual property orientation angle (cx)

in each of the four areas defined by

card number 4 (value i n degrees as
measure d from an ax i s alon g the bot-
tom of the vane from a l eftwise
origin where up is a positive value).

CARD 7 - INPUT VARIABLE S - NROD , XROD 1 , YROD 1 , VROD2, NEOPTIN

FORMAT = 11 0, 3F1O.O, 110

NROD = num ber of axles to be modeled within the vane

structure (restricted to 1 or 2).

XROD1 = left most origi~-i of the upper axle which defines
the length of axle extending between the bearing

and vane edge (value in inches).

YROD 1 = di s tance of upper axle from t he lower edge of
the vane structure (value in inches).

YROD2 = distance of the l ower axle from trie l ower edge of
the vane structure (value in inches).

NEOPTIN = defines if the non-edge option is to be selected

(any number greater than or equal to 1 will result
in a non-edge model).

36
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CARD 8 - INPUT VARIABLES - IFMT

FORMAT = 15

IFMT = flag indicating in what format the remaining data
is to be read in. If IFMT is not equal to 1 the
program will skip card sets 9 through 13. This
option is for the input of more detailed properties
in the forma t requ i red for com pos ite mater ials .
The option currently i s not in use an d IFMT mus t
be set equal to one (Value = 1).

CARD 9 - INPUT VARIABLE = XJ5 , XJ6 , X37 , XJ8

FORMAT = 40X , 4FlO.0

XJ 5 throu gh XJ8 = axle tors ional cons tan t in res pec ti ve
areas 5 through 8 as noted in Figure 9
(axle properties restricted to circular
section).

CARD 10 - INPUT VARIABLES = THICK1 , THICK2 , THICK3, THICK4 ,
RADIUS5 , RADIUS6 , RADIUS7 , RADIUS8

FORMAT = 8F 1O.O

THICKI throu gh THICK4 = vane thi ckness values in res pect ive
vane areas 1 through 4 (values in
inches)

RADIUS5 t h rou gh RADIUS8 = Radius values of axle components
as defined by the axle area s
noted in Figure 9 (values in inches).

CARD 11 - INPUT VARIABLES — El , E2, E3, E4 , E5, E6, E7 , E8
FORMAT = 8 (2X , A8)

El through E8 = modulus CE) values for vane areas 1
throu gh 4 an d axle areas 5 throu gh 8.
Input is in E format (i.e., 3.0E7 for
steel )

_ _  
_ _ _ _ _  
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CARD 12 - INPUT VARIABLES = XMU 1 , XMU2, XMU3 , XMU4, XMU5, XMU6,
XMtJ 7 , XMU8

FORMAT = 8FlO .O
XMU 1 throu gh XMU8 = Po i sson ’s Rati o values for vane areas

1 throu gh 4 and axle areas 5 throu gh 8.
CARD 13 - INPUT VARIABLES = RHO1 , RHO2 , RHO 3, RHO4 , RHO 5, RHO6,

RHO7 , RHO8
FORMAT = 8F1 O.0
RHO1 throu gh RHO8 = dens ity values for vane areas 1 throu gh

4 and axle areas 5 through 8 (values in

lb/in 3.

CARD 1 4 - INPUT VARIABLES - VEL , AXIS , GRAV
FORMAT = EF 1 O.0
VEL = compressor vane rotational velocity (value in

revolu tions per minute).
AXIS = di s tance from vane edge to cen ter of ro tation for

compressor vane (value is in inches; ref. AXIS
Figure 9).

GRAV = gravity acceleration value input at the option of
the user. If GRAV is equal to zero , a gravity
accelera ti on va lue  base d on the data su pp l ied on
Card No. 15 will be computed (value = in/sec2).

CARD 15 - INPUT VARIABLES = ALDATA(1), ALDATA(2), ALDATA(3) , ALDATA(4),

ALDATA(5), ALDATA(6), ALDATA(7), ALDATA(8) (*)
FORMAT = 8F1O .0
ALDATA( 1) through ALDATA(8) = al gor i thm data var iab les 1

through 8 for computing the

g rav i ty accelera tion value to
simulate the vane forces due to
the iner ti a effec ts result i ng
from the el l ip t i cal path or rota-
tion within the air cycle ma-
chine. (*)

*Currently not set up wi thin the AVM program (blank card required).
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d. Data Summary

A com p le te summar y of all assoc iate d i nput var iabl es and input
locations is presented in Table 3.

e. Test Cases

Four test cases were set up to check out the capabilities of
the AVM program. Each of these cases is included in the section as
samp le I/O exam p les of the AVM pro gram . AVM ca pab il it ies in addi t ion to
those noted in these four cases should be individually checked out by the

user pr ior to runn ing w ithi n NASTRAN .

CASE 1 Edge Model - Two-axle model where both the upper and l ower
axles fall on existing lines of nodes. (Bearing-
support axle at bottom).

CASE 2 Self - - Two-axle model where the upper axle falls on
Generating Edge an existing nodal line and the l ower axle

requires a self-generated edge. This model is

also representative of an existing vane in an
a i r cycle mach i ne .

CASE 3 Non-Edge - Two-axle model where the l ower axle is
Option designed to fall between two no dal l i nes .

For thi s case , a separate axle independent
of the vane structure is generated resulting
i n 15 rows of elements ra ther than the 16
noted in Case No. 2.

CASE 4 Non-Edge - Example application of a non-edge case where
Option with Cutout a model has been modified to include 3 cutout

holes in the vane face.

f. Program Input/Output

Specific input data for each of the test cases 1 through 3 is
noted in Table 4. Test case 4 is not included because this case simply

extrac ted “CQUAD” and “GRID” cards from test case 3 output to simulate

I
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TABLE 4
INPUT DATA FOR AVM TEST (CASES 1 , 2 , AND 3)

123..5678 ft.)1 2 3k 5 o 7~~~ 1 23 & 7 8 9 Q 1 2 3 4 5 6 7 e 9 C j 1 2 . ~’ .5 6 7 8 9 C 1 2 3 4 5 6 7 5 9 c  2 3 ’ 4 5 6 7 8 9 2  l23 ’.~~6 7 8 9 0  !Col.LoC

1’ 10~
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the lightning holes in an early ROVAC vane design. A final version of

this No. 4 model wi th triangular elements added to the hole area is
included in Appendix B.

Deta i ls as to el emen t an d nodal num ber i ng for each of the test cases
are noted in the twel ve calcomp plots included in Appendix B. Also noted

in this appendix are the abbreviated output listings for each of the
test cases.

42
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SECTION IV
VANE ANALYSIS SETUP

Twenty-two vanes (total ) were setup within the program and analyzed by

means of both NASTRAN an d the AVM p ro g ram . The overall anal ys i s was
conducted in three parts , which ranged from a very minima l design change
to a total redesign of the vane i tself. The first part consisted of a
direct substitution analysis , where by t he ROVAC vane s truc tu re , with the
associated bearing , bearing axle supports , and vane boot, was reta ined
in its entirety . The second and third parts of the study invol ved the
el imi na ti on of axles , boots , an d vane th ickness res tr icti ons assoc iated
with the ROVAC vane design.

1. PART I (ROVAC AND ADVANCED COMPOSITES)

The Pa rt I anal ys i s cons i ste d of ten NASTRAN models represen ti ng ten
graphite fiber materials variations within the ROVAC vane design. For
this design the concept of using a boot and axle system (Figures 4 and 5)

was retained and varied orthotropic materials properties were introduced
which effectively replaced the existing Graphite Compact vane. The ten
materials considered within the analysis survey were as follows :

CASE 1 - A high strength (HS) layup consisting of 90% 0-degree fibers

and 10% 90-degree fibers within the vane structure . The
layup is totally symmetric with the 0-degree fiber being
defined as a fiber lying across the length (8 inch section)
of the vane. A 60% fill ratio was assumed.

CASE 2 - A high strength (HS) layup consisting of 10% 0-degree
fibers and 90% 90—degree fibers within the vane structure .
(90 -degree rotation of test case 1 layup)

CASE 3 - A high strength (HS) l ayup consisting of +45-fibers
throughout the entire vane thickness. The layup is
totally symmetric and assumes a 60% fill ratio.

43
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CASE 4k.- Each of these two cases is parallel to case No. ’s 1 and 2
CASE 5J .respectively. The only exception is that the high

strength (HS) fiber (Cases 1 and 2) is replaced by a high
modulus (HM) fiber for cases 4 and 5.

CASE 6 - Special higher yield version of Case 3.

CASE 7 - A 21 KSI fiber layup consisting of a unit symetric layup
involving three 0-degree l ayers, a +45-degree , a -45-degree
l ayer, and one final 90-degree l ayer. Property data was
derived by means based on fi ber properties noted in
Reference 6.

CASE 8 - A 90-degree rotation of the test case 7 layup.

CASE 9 - A compression-molded vane of chopped filaments; 21 KSI
fibers were assumed and orientation is random , resulting
in an isotropic block of vane material.

CASE 10 - Baseline case on which materials substitution was effected.
Specifically, this consists of a sintered metal matrix
carbon graphite compact material. The material is
essentially isotropic in nature and can be modeled
several ways within NASTRAN .

a. Basepoint Analysis (ROVAC , Case 10)

Prior to conducting a detailed materials substitut ion survey , a

basepoint or baseline comparison analysis was conducted. The basepoint

analysis consisted of the ROVAC graphite compact vane modeled through the

use of isotropic NASTRAN MAT! input cards. Several analysis checks and

debug runs were required for each of the associated load subcases. A

comparison of all analysis runs yielded good correlation and resulted in a

final baseline run of ~ high confidence level . The basepoint analysis

model consisted of an AVM two-axle system involving 482 gridpoints , 432

quadralatera l elements , and 67 bar-type elements. The resulting basepoint

model is illustrated in Appendix B Figures B-4 through B-6. A listing of

the NASTRAN input with the exception of material s variation input is

conta i ned in Appendix C.
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The overall results of the analysis compared quite favorably with both
test results and computations from air-cycle machine analysis programs .
Typically, bearing reactions , deflections , and vane shapes were very plausible
values resulting in highly reliable stress/strain output for the analysis
case. A summary of the results of the MAT1 final run are noted in the first
row of Table 5.

A second basepoint run was also made for which a MAT2 input mode was
used. This was done to validate the MAT2 inpu t methods discussed in a
later section of this report . The MAT2 results correlated very well , as
can be noted in Table 5.

TABLE 5

BASELINE COMPARISON SUMMARY

Lower Left Vane Center Bearing Attclv Top Center Bearing
_________ 

Vane Deflect Deflection Deflection Deflection Load

MAT I
IBA SEP0I~

T .000255 .00291 .0000707 .00298 971

MAT 2
BASEPOINT .000256 .00291 .0000707 .00298 975

(Deflect-ions = inches , Load = lbs)

b. Advanced Composites Analysis

Basically this analysis consisted of nine NASTRAN runs , each
involving a different set of MAT2 data whi ch reoresented the varied
orthotropic parameters for analysis cases 1 through 9. The first step of
the analysis was to devise and tabulate the basic fiber , lam i na , and
l aminate properties associated with the various analysis cases. This was
accomplished by extracting basic filament or specime n data (References 1 ,
2, and 4) and apply ing this data to the SQ5 program (Reference 3) to obtain
basic lami nate properties. A summary of the extracted data and resulting
SQ5 properties is contained in Table 6. From this data the basic bulk data

G values required by NASTRAN can be derived for MAT2 input. A complete
description of how the MAT2 values G11 , G12, G13. G22, G23, an d G33, were
derived and run is included in the following discussion.
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(1) MAT2 (NASTRAN Input)

The NASTRAN bulk data input for the anisotropic case consists
of:

G11 G12 S13

02 
= G12 G22 G23 

c2 
(1)

G13 G23 G33

The values associated with the above matrix are related
through the Reference 2 equation :

Ox 
~11 ~12 ~13 

0 0 
— 

C
X

Q 12 Q22 Q23 0 0 0 C
y

0 

= 
Q13 Q23 Q33 0 0 0 C 

(2)
Txy 0 0 0 0 0

‘yz 0 0 
~yz

T
XZ 0 0 0 0 0

where :

- 
(l+~)(l-2~i~) 

(2a)

= Q13 = (l+ it)(i~~~ 
(2b)

= Gxy (2c)

= (2d)

= 5xz (2e)

and

u12 E 22 = 11 21 E11 (3)



~~~~~~~~~~ -_ ~~~~~~~~~~~~-

AFFDL-TR-77-49

The actual bulk data NASTRAN conversion consists of Equation 2

Q values  an d S33 = Gxy~ 
Further restricting the vane to an in-plane

~l3 
= 
~23 

=

from which Equation 1 becomes:
E p E  

—

11 21 1101 l-p 1~ p21 l-~i12p21

_________ 

E22
02 

= l-1J 12P21 l-p 12p21 
0 

~y 
(4)

T12 
— 

0 0 
~
‘xy

(a) Analysis Case 1 (MAT2 Input)

For the case of [0~, 9O]~ and from Table 6, which
was prepared via composites program SQ5 (Reference 3), the following
values are extracted: E11 

= 19.0(106), E22 = 3.6(106), Gxy = .65(106),
and = .20, ‘-‘21 = .0378.

From Equations 1 and 4:

= (106)19.0/[l_ (.20)(.0378)] = 19.44(106)

G12 = (106)(.0378)(l9.o)/.99244 = .724(106)

G22 = 3.6 (l06)/.99244 = 3.63(106)

~l3 = 
~23 

= 0

S33 = .65(10 6 )
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For the ROVAC AVM input the appropriate MAT2 input for Areas 3 and 4 is
as follows :

ITE1I NO. 1 2 3 4 5 6 7 8 9

COL. LOC. 1-8 9-H 17-24 25-32 33-40 41-48 49-56 57-64 65-72

VARIABLE MAT2 MID Gll 512 Gl3 522 523 G33 RHØ

Area 3 Inout MAT2 3 19.14+6 .724+6 - 3.63+6 - .65+6 .056

Area 4 Input  MAT2 4 19.14+6 .724+6 - 3.63+6 - .65+6 .056

Are a 2 Input ~ MAT2 2 24.84+6 4.47+6 - 15.54+6 - 4.93+6 .146

Additional extrapolations or computations were utilized within the analysis
for material Areas 1 and 2 (Figure 14). Area 1 , being a steel edge of the
vane boot, could be simulated by means of a MAIl bulk data card . Since
thi s was the case , no MAT2 com putati on s were requ i re d , because the original
MAIl property card was retained . For Area 2, some form of an-isotropic
property has to be modeled to represent the boot which houses the composite
vane. Typically, this was accomplished by assuming a 60/40 ratio of

composite-to—steel structure from which modulus values were computed and
checked by means of the SQ5 composites laminate program. Actual differences

in modulus values between a direct proportioning method and SQ5 were very
minimal . The resultant output is as follows :

= 23.55(106), E22 = 14.74(106), 5xy = 4.93(106)

p
12 

= .288, and p21 
= .180 (reference Equat ion  3),

from which (using Equations 1 and 4) we obtain:

G = 
E11 = 23.55 = 24 84(106)11 l-ji 12p21 .948

- 

E72 — 14.74 - 6
-I-I P

~l3 
= G23 = 0

49
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=

or = p12E22 = (.29)(l4.l78)(lO 6) = 4.11 (106)

= Q12/l-p 12p21 = 4 .47( 10 6 )

533 = 5xy = 4.93(106)

(b) Orthogonal Case (Case 2)

Areas 3 and 4 (MAT2 (3)(4)) analyses were as follows :

Analysis Case 2 consists of a 90—degree rotation of Case 1
l ayup and was run to permit the extrapolation of findings between the two
orthogonal extremes. For this case the Table 6 (Col . A) directional
properties were reversed to obtain the following: E11 = 3.6(106),

E22 = 19.0(106), 5yy = .65(106), p 12 = .0378, and p
~ 1 

= .20.

from which:

~l l  = 3.63(10 6 )

~22 
= 19.144(106)

G12 = (.20) (3.6)(l06)/.99244 = .725

~l3 
= 
~23 

= 0

533 = .65(106)

Area 2 (MAT2 (2)) analyses proceeded as follows :

By simply reversing the Case 1 modulus values , we have :

E
11 

= 14.74(10 6 ), E22 = 23 .55(10 6 )

= 4.92(106)

p2-1 = 0.2881 (from SQ5 reverse)
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From this then :

= l5.54( 1O~ ) and 
~22 

= 24.84(10 6 )

= (O.288)( 14 .74) = 4.245(106)

~12 
= Q12/1-p 12p21 = 4.47(10 6 )

513
533 = Gxy = 4.93(106)

(2) MAT2 Input Summa ry (Cases 1 and 2)

All of the S values generated for Cases 1 and 2 as i nput
into the NASTRAN bulk data set is summarized in Table 7.

TABLE 7
“MAT211 SUMMARY CASES 1 AND 2

MAT2 
~~ ~ l1 

~l7 ~13 ~22 ~23 
533 RH~VARIABLE —

& COLUMN 1-8 9-16 17-24 25. -32 33-40 41-48 49-56 57-64 65-72

ANALYSIS MAT2 2 24.84+6 4.47+6 - 15.54+6 - 4.93+6 .146
CASE NO.1 _____ ________ ________ ______ ________ ____ ______ ____

MAT2 3 19.14+6 .72+6 - 3.63+6 - .65+6 .056

MAT2 4 19.14+6 .72+6 - 3.63+6 - .65~6 .056

ANALYSI S MAT2 2 15.54+6 4 +6 - 24.84+6 - 4.93+6 .146

MAT2 3 3.63+6 .72+6 - 19.14+6 - .65+6 .056

MAT2 4 3.63+6 .72+6 - 19.14+6 - .65+6 .056
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(3) MAT2 Input Summary (Cases 1 through 10)

Following the above procedure a complete derivation of

all MAT2 input requirements was then made . The first step of this

summary was to run all of the SQ5 runs required to derive the laminate

properties for the 40/60 steel-to-composite section of the vane . Table 8

summarizes all of the values extracted from each of the SQ5 runs.

The next step was to directionally correct the Table 8 values by

means of Equa ti ons 5a t h rou gh 5g i nto a set of S values  for each l am i na te
no ted i n Ta b le 8. The results of th i s convers ion are note d i n Ta b le 9.
The result i ng Ta b le 9 values were ex pan ded to the orthogonal sets and
all of the required Area 2 input values were derived for Cases 1 through 8,

as noted in Table 10. Also contained within Tables 9 and 10 are the

associated values for analysis Cases 9 and 10. Input for these cases

will be discussed in the next section .

TA BLE 8

SQ5 PI~0PERTIES FOR 40/60 STEEL COMPOSITE BOOT AREA , USING 5 DIFFERENT

COMPOSITE INSERTS

N~AYUP HS-FIBER HM-FIBER HS-FIBER SPEC .FIBER AS-FIBERPR0P’~
.’.~~ [0~ , 9O]~ (0~ ~9O~)~ (~45)~ ( ~45) (03, +45, 9O)~ —
E
~ 

23.55 25.73 14.10 14.31 19.44
E~ 14.74 15.03 14.10 14.31 15.88

5XY 4.93 7.85 8.42 5.90
M
~ 

.288 .289 .429 .45 0 .316

* M~ .180 .169 
— 

.4 29 .450 
— 

.258
l_M

~
M
~ .948 .951 .816 .798 .918

(*Derjved via Equation 3)
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The next step in the MAT2 summarization is the definition of the
S matrix for vane areas 3 and 4. This was done through the use of the
base Equat ions 1 and 4. From these equat ions and data es tabli shed in Ta b le
6 the summarized results noted in Table 11 for areas 3 and 4 were obtained.

TABLE 9

“MAT2” INPUT S VALUE AND ASSOCIATED EQUATIONS (X 106)

\Jç~AYUP HS-FIBER HM-FIBER 115-FIBER SPEC-FIBER AS-FIBER
PROP [09,9O]s [09,90)s [ ~45]s [+ 45]s [03. +45 9O]~

5fl 24.84 27.05 17.28 17.93 21.18

~22 15.54 15.80 17.28 17.93 17.30

~l2 4.47 4.57 7.41 8.07 5.46

~l3 0 0 0 0

~23 0 0 
- 

0 0 0
— 

533 4.93 4.93 7.85 8.42 5.90

E
G1 = (From Equation 4) (5a)

~‘l2’-’2l

= P~E~ or 
p12E22= 

p21 E11 (Sb)

p E
M2 = E11 

= (From Equation 3) (5c)

E
G = ______ (5d )

22

G = 21 = 
u~

E
~ (5e)

12 
~~ x~y

S = ~ = 013 23

S = S (5g)
33 xy=

53 
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(a) Analysis Cases 9 and 10

As noted in Tables 10 and I l , values for two additional
cases were tabulated . These involved the chopped-graphite case (Case 9)
and MAT2 basepoint run (Case 10). Each of these cases could have been
simplified to MAT1 NASTRA N input , but were MA~2 input. Case 9 was i npu t
this way for program input/output consistency . Case 10, however, was
i ncluded for correlat ion to a WA STRAN run, using MAT1 data cards . For
this correlation the MAT? values (G11 , 

~l2’ 
G13, 

~22’ ~23’ 
and 533) we re

generated through the equat ions which effectively degenerated the MAT2

data to MAT 1 data within NASTRAN . Correlation was excellent (less than 1%
error) between the two runs , indicating a high level of confidence in the

MAT2 input. The comparative results for the Case 10 correlation were
noted back in Table 5. New-data Cases 9 and 10 input values for Tables 10
and 11 were derived through Equations 1 and 4 and the data contained in
Table 6, whereby orthotropic properties were degenerated by setting
E11 

= E22. The shear was computed simply by: Gxy = E/2(l+p) with

P = 11 12 =

(b) Analysis MAT2 Input Summary For Cases 1 Through 10

The final step in the MAT2 sumarization was to combine
all of the data from previous tables into a sumary table for each of the
10 analysis cases. This combination is noted in Table 12 where all of the
data is ordered and set up as to the actual input format required by
NAST RAN .

2. PART II (AXLE AND BOOT ELIMINATION)

The second part of the analysis consisted of eliminating both
vane axles and the end boots (Figure 4). These design changes (denoted

as FDL-l and FDL-2) were effected quite simply through property changes

to those elements representing the axle or boot portions of the model .

56

L -

~~~~~~

- - — -

~~

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



-_---— .. - - — --- - — --~~~~~ - - - -  -~~~ - -- --

AFFDL -TR-77-49

C--i s os o’ . 0  0.0 ’.0 ’O’.o’-O o s o s o  o s o s o s o s o s o s oso so )‘.O so o s o s o c s i’o ’..o
)C’-. C a L f lU.) ~~ U)U.) ? U) U ) C a U )U )  )U) Ca U) U) ~~~U)U) Ca UC LS.) U)U) ’.0 s0

I s— 0 0 - 0 0 — 0 CC — CC CC — C) (2’ — 0 0 — CC CC — 0 0 — 0 0  — 0  CC
• — 

‘0

‘.0C~0’.0 ‘0 SO ’.0 ’0 ’0 ’0 ’.0 1.0 1.0 )‘.0 ’.0 ’..OS.0’..O~0’0 ’.O SO ’.0 C~~’.0 ’.0 ’-0 050 50
4 - 4+  + + + + + + + + + +  + + + + + + + + + + + + + +  + + +

Ca Cc-) LCC S.() ) U ) S t C CCC CSi CSI ‘) C4) U.) . ) U ) U.) 5J s o 0 0 1 -...N-CC p--- N.
01 1.0 so a so ‘.0 0 It) Li.) as so so s so so i- Ca~ Ca- ~.) CS) (Si as Cs) Cs) -.. CS) (‘51 0 C’) C’)

D r-.. Ca’ P U.) U.) ~
- 5- a) ‘.0 ‘.0 t ) C s J  (Si U) (‘51 (Si . U.) U) 1.) .—

U)

so
‘“C)

0 ‘.1 C C 5.’ I I S I I I I I S I I I C I I C I C I I I I I C I I I
(001

Ca-
C, —

0
soso so )so so so -o so so soso  ) 5 0 5 0 s o so so ) s o s o s o s o s o s o s o s o C.o so so

I— -$- -+- + + + + + + + + + + + + + + + + + + + + + + + + + ± + +
a) Ca~C’) C’) i- Ca- Ca- a) cc-) c c - )0 U ) U . )

— U) so so a) — .—* si u)) U) a) — — 2’ CC) a) as Ca- Ca- C’) U) U) — as as ~~ CI) a) . a) a)
5)

(.0 — U) C’) I’.) 1- as os -.s o so U) Ca- Ca- -.CSJ C’J r~..C’) C’) — .0 .0 — c’J C’. j0Ca- Ca- U) c’) C’)
. 4._ . — — 4 Cs) (54 — — Cs) ,— ,— C_si .- ,— —

U) —U) — — —

U)

Li
U)

C’.) — C I I I  C C C C  S I C  C I I I  1 1 1 1 5  S I C  I 1 1 1 1 1 1 1
U) (0 Cc-)

CC,
U)
-J .~ — ___ 
-~~ 

.
~~C—
0
U- so so so so so so so so so so so so 0 so so so so so so so so so so so so so so so so so —..

>- Cs) — C ’ ) C’) N.a)a) -. . a )a ) N - s os o s o r-.C- -. . s o a )a ) a s c s JcsJ r--.s o s o  C)
~~ Si C’) Ca~ C’-.C ~-. Ca~ N - N - C a ( S JCS) U.) o o  no  C C C C a ) a ) C a -as as Ca -  asc. )as ’a- C a - s o O O  C)

~~ 
- 

U) Ca Ca- t~- U) U) -~~ — — i- — ..— a) c_si C_si U).— .— u .— .— U) Ca- Ca- C’) .— .— Sn
Cs)

U) — ____ -—

C-- Ca
0- sOso so + s o s o s o s o s o s o s o s oso o s o s o s o s o s o s o s o s o s o s o ’ 0 s o s o s o s oso ’.o C)
— + + C a+ + + + ± + + + + + + + + + +± + + ± + + + + + + + +  ~~Ca Ca- Ca .— Ca C’) C’.) a) C’.) C’) U) a) a) 2’ •4~) CC .) U) U) a) a) a) C) I’) I’) U) CS) (‘.4 4 0 CC

— . 5~ so so 54 U) 4) CC a) a) 0 .— as Ca Ca - as Os C’.) U) Li) CC 0) 0) — 0) CC) ‘~
-~~ - •os 0

.0r-. Ca- as .--’ n c-S m ~.5O ’.O ..CsJ CSJ CC-~~ - C a -  - (‘S C’) -Cs) csJ r-..so s o o C a -Ca- sn m C’, 0.
CS) — — (SI Cs) (Si — - — 4 .... —

I-)— —
so CC

-C I (Si C’) Ca Si C’.) Ca si C’) Ca- ‘4 Cc-) Ca Si I-’) Ca 4 1’) Ca ‘IC’) Ca C~.1 C’.) Ca 4 C’.) ~~ ‘icc-) Ca

(Si

CC

- CI) C’.) CS) (54 •I (5) Cs) 4 (55 (54 ‘i(S) CS) SI CS) (Si 4 (‘.1 Cc-.) ‘J (’.i CS) Si C’) (51 -4 (Si CS) sI C_si (5) 0-
I I— I— I— - I— I— — I— C-— I— 5— 5— — 5— I— — 5— I— — F- I— — 5— F- — F- I— F- I— I—

<<‘I: ç <.~ ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ C~~~~~< C C ~~~~
~~~~~~ —

U) U) ‘C U) IC C) U) C) U) U)

U) .- U )  Cs j U)  C’) uj.) Ca~~ C) U)~~/) ~-0 Li) N- C) 02~~~~~~ 0
C ~..J >- U) >.- U) — Lu) — U) — U) >.- U) >- Lu) >- Lu) 0- ~~ _) U) 0
-‘0 _~1 U) - _I U) - _J 5/) - _J U) - ~J U) _J U) - _J U) - _1 U) - 0. 0. L) w .~ ~C () .~ ~~ 0 ~~ ~~ 0 C .Z 0 C .~ C) 

~ < 0 ~~ ~ .~ Ca 0 <~~~ 
0 ) .~~ U) U) C-)

C C
2 .C 

- 

C C C Li(0 C-) 0)

57



-

~ 

-- - -----
~~

AFFDL - TR- 77-49

a. Axle Removal (FDL-i)

Within the advanced composite (Part I) model the axles are
represented by 7th and 8th (Areas 7 and 8, Figure 14) MAT i tems in the
MAT data set. For these items , the modules and density properties were
assi gned insignificant values of 3.0 and .0001 , respectively. This , in
effect , yields a set of axles with no weight nor stiffness , thus eliminating

them from the model .

b. Boot Removal (FDL-2)

-~ithin the Part I model , the boots are represented by the 1st
and 2nd (Areas 1 and 2, Figure 14) MAT items in the MAT data set. For
boot removal , the properties for these areas were simply equated to those
in areas 3 and 4, which resulted in a uniform vane of one material and
no boots.

3. PART III (VANE THICKNESS VARIATIONS) FDL-2- .xt

The third portion of this study consisted of changing the thickness

of the two most p rom i s ing  designs r e su l t ing  from the parts II and 1.11
studies. Here again , the model change was quite simple because the
“PQUAD2 ’ data sets controlling the thickness valves in Areas 1 through 4
(Fiqure 14) were all that needed revision . The specific analysis consisted
of reducing the thickness to 70%, 60%, 50%, and 40% of the basepoint
thickness values carried in Parts I and II.

4. PARTS I. II , AND III SUMMARY

A complete summary of all revisions to the NASTRAN program required
for the analysis is noted in Table 13. The data contained in this toble
was generated from the actual NASTRAN changes for each of the 22 computer
runs comprising the analysi s conducted in this report. Typically, the
data supp lied in Table 13 were the only changes made to the NASTRAN
program noted in Appendix C.
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TABLE 13

ACTUAL NASTRA N INPUT CHANGES

a. Anal ysis Cases I Through 10

T ItL E= X .D .Sr1 IW AR I ?, A NI L YS IS 01 ( C or; . . .A Y ~~~S= 9 ,  ~0 DEC. LA Y!~ S 1 )  I4~
5-191 2 2 24.94+6 4.1+746 15 .54+6 4.93+6 .145
MAT? 3 19.14+6 .72+~ 3•~~~ 4~ .65+6 .056
14*12 1. 19.14+6 •72+~ 1.6346 .6543 .055

TITL F=V .D .SC41 WA ~ TZ , AN9 LY S IS 02 C C os; . LA Y C 2 ’ S - 1 ,  ~0 DEC. LAYE~ S=9) ‘IS
M AT? 2 15.5’.’-5 1+.’.7+6 ?‘..~~‘-~~6 4.9346 .145
MAT ? 3 ~.63+6 .‘1s 6 19.11+46 .65+6 .056
MA T 2 4 3.63+6 .71i- 6 19.14+6 .65+6 .056

TI TL F=K .~~.cC4WA °TZ, ANALY S IS •~ I A L T ER M5TI N~ 4L~5~ — 45 DEC. LA YERS ) ‘IS
MAT ? 2 17.2946 7.4116 17 .28i~6 7.95+6 .146
NA T2 1 6.53+6 6.23+6 6.5356 5 .5246 .0~ o
M A Y ?  1~ 6.5346 5 .2346 6.511- 6 5.52+6 .056

TTTLE=V .CC .SCHWA ~ 12 , ANAL YSTS 04 C 0 OEC . LA Y~ RS= 9 , 90 DES . LAY ~~ S=i) ‘4W
MA T 2 2 ‘7.054- 6 4~ 57+5 t~~,8r+~C 4.93+6 .146
14912 1 22.89.6 1.08+5 15 .15 +6 .65+6 .056
M A T ?  1. 22 .8946 1.084- 6 4•j5+c , .654 6 .055

1Inr=w .o.cc5- (wA~ Tz, A NALYSIS 05 ( 0 0C5•  LA Y E~ S 1 ,  ~0 DEC . LAY Z~ S:9) NM
14412 2 15 .P04- 6 4.57+6 27.0545 4.9346 .14-6
MAT? 3 4.1546 1.08+6 22.88+6 .655- 0 .065
MA T ?  4 4.1546 1.09+6 22 .98+6 - .65+6 .056

TITLL :K.P .SC HWA9T 1 , A NALYSIS 05 ( A LTER P a T T N~ ~45 ,—45 )EG. LA Y~~ S ) NM 
-

MAT ? 2 17.93+6 8.fjT+6 j7~ 93+5 8.42+6 .146
MAT ? 5- 3 .1+5+6 2 .86+6 3.45+6 6.46+6 .056
M AT ? 4 i.~~c.s 2.8656 1.1+5~~S 6.46+6 .056

TjTL ErV .P .Sr.14 W 9R77 , A ’I*LYSIS 07 ( 0 OE-~.~~3, e 45, — 4 5,~~0 0~ G. LA YERS ) AS
‘491? 2 ‘1.19+6 5.1+6~ 6 17.3046 5.90#6 •1t +6
M A T ?  3 1’.99+6 1.97+6 6.53+6 2.27+6 .056
P481? 4 1’.99+ 6 1.97+6 6.53+6 2.27+6 .056

TITL E~~ .R .SCHW 4R T!, A ”8LYS I S 08 (90 DEC . r3~ I-k5~ — 45 , 0 DFC. LAYERS  ) 45
14912 2 17 .3046 5 .46+6 21 .1856 5 .90+6 .146
MAT? 3 5• C 355 1.9856 12.9R#6 2 .27+6 .056
MA T2 4 5.53+6 1.99+6 12.99+6 2.27+6 .056

1IT L E rK .P.~~CI4W *o T7 , A N ~ L YSTS 09 C CIIOP ’ED GRA D IItE M A T E R I A L )
‘4*12 ‘ 20 .05+6 5.99.6 20 .C5+6 7.74+6 .146
‘491? 3 14.8246 4.42+6 t1+.8’4 6 5.20+6 .055
5- - PAT? 4. 14.82+6 4-.l+ 2 + b  IL .82+6 5.2046 .056

TIT L E V .0.3C- PW AR T Z , A N A LYSIS *10 C r,RA PNI TE CflM’A~ T M A T E R I A L )
M AT? 2 15.124- 6 3.67.6 15.1246 5.60+6 .152
‘4412 1 1.8046 1.0616 3.8C~~5 1.3746 .055
M A T ? 6 3.80+6 1.06+6 3.8046 1 .37+6 .066
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TABLE 13 (CONT D)
~\ FF DL-TR -77- 49 ACTUAL NASTR AN INPUT CHANGES

b. Anal ysis Cases 7A Through 7D

T IlL f r ~~.0 .~~C ’-lW *~~T ! , ‘40 AX p c -~ S #7 ( 3 nF ;~ c - 3 ,+i 5,~~-45 ,q~ DZG . LAV E R S  ) 4~
MAT ? ~ ‘1.19+8 5.46+6 17. 3 05 - 6 5.Q0~6 .145MA T ? 8 1’.9846 j •97i .f, 5.535-6 2.27+5 .055
M A T ?  4 12.98+4 1.97+5 6.53+6 2.27+6 .056

MA I l  7 3.O EC .32C: .CC C I
M A Il 6 3.040 .3280 .00’C t

— 

TI ILE=Y .P.SC ’4WA~ T’, 5-10 BOOTS #78 ( 0 DE;..3, 4s.c ,—4 5 ,go DEC . LAY EP S ) AS
M A T ? I 12.09,6 1.47+4 5 .E 1C-4 2.27~ 6 .056MA T ?  2 12 .985-5 1.97.5 5.53+5 2.27+6 .056
M A’ 2 ~ 12.98+6 1.97+6 6.53~ 6 2.27+6 .055 -
MA T ?  4 12.°9+6 1.9746 4 .535-6 2 .275-6 .035

WA I l 7 ~.LE0 •~~2CC .C~~ t
MAT I 8 -1.040 .1200 .0031

TIT L Ir~.0.SC 9WA7T 7 , 707. TIZE #7C C 0 O l . r3 ,~ l.5,— 45 ,0I) DEC . LA Y E RS ) AS
1 1 .2620

PQUA ~ ? 2 .2670
POUAD7 3 .2621

I. 4 .2520
MAT? 1 12.981-6 1.9746 5.511-6 2 .27#6 .05,
MAT? 2 12.9846 1.~’?+5 5. c w + 6  2 .27+5 .056
M AT ? 3 12.98+5 1.97+6 6.53+5 2.27+6 .056

6 1 . 084- 6 1.07+6 5.53+6 2 .27+6 .055
MA T I 7 3.040 .3203 .C’ C ’C l
MAI l A 3 .040 .32:) ~~~~

— 
T ITLE~ Y.0.!CUW ~~~ 7, 607. SI7E #7) C 0 043. c - 3~~ +I. 5~~ — , 5 ~~~~~ DEC. LAY E RS P 65
PDUAD2 1 1 .224~ —

2 2 .2260
‘JAr ? 3 3 .2240

4 .224
MA~~2 0 12 .9846 1.97+6 4~~ T l 5 - 5  2.27+6 .056
MAT2 ‘ 1’.981- 6 1.07+6 6.5’1-6 2 .27+6 .055
W 417 ~ 12.981-6 1.97,6 6.57+6 2.27+6 .066
‘4AT 2 4 12 .98+6 1.97+6 6.53+6 2.7 7+6 .056

MAI l 7 3 .OEO .3201 .“i’t
~A T1 S 3.OEO .32C) •00’l

c. Analysis Cases 7E and 7F

TII1rrV .°.5C’4W fl~~T7 ,  50~ SIZE 074 C C PEG .r3 , eIi5, -45 ,9’) O:G. LAYERS P AS
P05- iA ’ ) ? 1 1 .1872
P008’)? 7 2 .197 0
POU AP 2 1 3 .187J
P’ OuAP ’  ‘. 4

M A T ?  1 1 .9 9+6  1.97+6 5 .5 3 + 6  2.27+6 .055
M872 2 12.9946 1.07+6 6 . 5 3 4 5  2.27+6 .055
M*12 I 02. 981-6 1 .97 4 6  4.521- 6 2 .271-5 .055
MAT 2  5. 0 2 .9946 j~~9746 5. S ’ ,6 2.27+6 .056

MA T I 3 .040  .3200  .00 ~ I
‘ 3.040 .370) .00 1

T T T L F I(.O .S C M W A D T Z ,  60~ SI’E •7~ C 0 fl~~~. :3,e48 ,.(5 ,9) DES. LAY ERS 5- 85
P05 - PA r’? 1 1 .1500
rOUA r’ 7 7 2 .1~~C C
P008’ ) ’ 3 3 .15.
‘)0U8 P’ 5. 1+

M 6 T 2  1 02.98+6 j . 97+6  6.5346 2 . 2 7 + 6  .055
MAT? 2 12. 98+6 1.97 +6 6 . 5 3 4 6  2 .27+6  .056
‘481 2 1 02.98 46 j , 97 I~6 5.5’’-~ 2.27~S .055‘481 7 5. 12.084 6 1.97+6 € .S’e5 2. 774- 6 .0~ S

MA l I  7 1.040 .‘‘OO .C~~ t
M AI l 9 ‘.040 •3 ? C0 .C ’ c -l
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A FFDL-TR-77-49 TABLE 13 (CONT D)
ACTUAL NASTRAN INPUT CHANGES

— 
d. Analysis Cases 9A Through 9D

T I T L E r W .~~.SCH W A 7 I7 , 450 A XL r S #9 C c40P’l’ R8~’-4 IT~ ‘46 TE~ IA L
M A T ?  7 2).~ 546 5 .9946  2 0 . 2 5 4 - c. 7.74+5 .11+6
MAT? 1 14.82+6 4.42+6 14.82+6 5. 20+6 .056
M A T ?  4 14.821-4 4.42+6 14 .871-6 5.20 5-6 •Øc,

W A T t  7 3. ’60 .321) .0001
MA lI 8 3.OEO .3200 .0001

NO 800TS #90 C
MA T? 1 14.82+5 4.42+6 14.82+ 6 5.26.6 .056
M A N ?  ‘ 14.82+6 4.42+6 14.82+6 5 .26+6 .056
MAT? I 14 .871-6 6.425-6 14 .825-6 5.20.6 .056
M I T ?  I. 14.8246 4.4245 14.821-6 5.20.6 .056

‘4111 7 3 .OEO .32C ~ .:‘.31
MIII 8 3.040 .3203 .0001

TTTL F ~~.8.5CWWA 9T? , 701 SITE a9~ C 040P’E” GPA ~~4 ItE 1AT E~ IAL )
0008’)? 1 1 .2520
P00*02 2 2 .2620
POUAI ’2 1 3 .262)
P00802 5. 4 •2620
MA T?  1 14 .82+6 4.42+6 14.82+5 5.20+6 .055
MAT ? 2 15..8’4E 4.42+6 14 .8 2 1 - 6  5 .?0 +-6 .056
M A T ?  I 14 . 8 7 5 - C ’  4 .42+ 6 14 .82 1- 5  5 .20 +6 .056
M A T ?  I. 14,82.6 4.42+6 14 .825-6 5.2~ +6 .056

M III 7 3.040 .3263 .0001
14*11 8 3 .040 .326) .0001

TIT LE~~W .D.~~C5-IW A 7 T Z, 507. SITE 090 0 CIOP’Efl G R A ~~1ITE M A T E R I A L )
POtlAt 5-2 1 1 .2243
P00*’)’ ‘ 2 .2240
P0tJ8fl2 3 .2240
POOl’)’ I. 5. .224

MAT ? I 1~~.821-6 4.421-6 14 .821-4 5.20+6 .055
MAY? 2 14.82+6 4.42+6 14 .82+6 5.20+6 .056
WA 1? 3 14.82+4 4.42+5 14.82+5 5 .26+6 .056
MAT? 4. 14.825-6 4.1.25-6 14.825-6 5 .20+6 .055

MAl I 7 .3200 .02 1
MAI l A ~.0EC .3200 .00~1

e. Anal ysis Cages 94 and 9F

TTTL [-V .~~.SC5-4WAR lT, ~~Z ~I7E #91 ( 0-I OP’Efl r~~ A D H I T E  MA TERI AL)
00U802 1 1 .1870
P00802 7 2 .1872
P001’)? 3 3 .1873
400807 5-. 4 .1870

.qA I? 1 ¶4.821-6 4.42+6 j,.I7+6 5.20+6 .05~
M A T ?  2 14.825-6 4.47+6 14 .82+ 6 5.20+6 .056
MA T2 3 14.8’+6 4.42+6 1” .82 +6 5.20+6 .056
M A T ?  4 14.A’1-6 6 .4 2 1 - 6  IL .925 - 6 5 .20 +6 .055

$811 -‘ 1.040 .3200 .C021
MAI l A 3.140 .3200 .0001

T ITLF r V .D .SCMW 4.~~Z, 4 f l V. SIZF *9~ I CHO PPED G~~8°HI1E M A T E R I A L )
P00*0? 1 1 .i5~~)
P05-5 -A ’ ) ’  2 2 .1500
‘)OUA fl7 1 3 .1500
40080? 5. I, .1~~00
MAT ? 1 14.821-6 4.42 +5 14.8 25 -6 5.20+6 .055
‘4112 2 14.82+6 4.42+6 14 .87 +6 5.20+5 .056
MA T ? 3 t4.8’+S 4.42+6 14.87+6 5 .20+6 .056
MA T ? 5. 14.825-6 4 . 4 2 1- 6  1~..8?1-’- 5.20+6 .056

Mar l ‘ 3.OEO . 3 2 C ~ ,c:~t
MA T I A 3.’FO .3203 .00’i
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SECTION V

VANE ANALYSIS

T he overall ana lys i s cons i sts of a total of 22 NASTRAN runs sumar i zed
in Table 14. The first of these runs consists of a single baseline run
(Case 10, Table 14) representing the current ROVAC vane. The next series

of runs consists of nine surveys (Cases 1 through 9, Table 14) investi-
gating several different layups and fiber types with which a ROVAC vane

coul d be cons truc ted. Two of the ni ne cases were selec ted as the mos t
promising for further analysi s.

The specific cases selected for further study were Cases 7 and 9,

primarily due to the minima l tip deflections experienced with these two

designs. The additional analysis consisted of first removing the axles

from the vane (subcase A) and secondly removing both the axles and boots
from the vane (subcase B). These cases are referred to as design
types FDL-1 and FDL-2 , respectively, and are noted as test cases 7A, 78,

9A , and 9B in Table 14.

Fol low i ng the axle  an d boo t remova l , subcases C , 0, E , and F were

run on FDL-2 design and consisted of thinning the FDL-2 design to .7,

.6, .5, and .4, of the original thickness. These cases are referred to

by their thickness value (t) added to the design type designation. The
ac tual anal ys i s cases are noted as test cas es 7C through 7F and 9E
through 9F. An additional designation (CG) has also been added to the
design type to distinguish the chopped-graphite material from the

layup type structures of Case 7.

Within the analysis, the NASTRAN case control program (Appendix C ,

Pg 120) was written to yield node point displacements , loa d vec tors ,
single point constraint forces, quadrilatera l and bar element forces,

and quadrilatera l and bar element stresses. In addition to this tabular
output , two plots consisting of single and superimposed deflected shapes
were also programed.
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1. PART I ANALYSIS AND DISCUSSION

Actual data extracted from the NASTRAN output was limited to six
primary deflections, the ten highest stresses in the vane itself , and
the resulting bearing loads and the vane weight. The six primary
deflections of interest are noted in Figure 15. Actual quantitative
deflection values (Figure 15) for Cases 1 through 10 are included in
Table 15 , along with vane weight and resulting bearing loads. For this
analysis and the followi ng Part II and III studies , deflection, load ,
and weight data were extracted as follows :

Deflection: A = 11 or X deflection @ Node point 1

B = T2 or Y defl ection 0 Node point 1
C = T2 or V deflection @ Node point 28
O = 12 or V deflection 0 Node point 309
E = T2 or V deflection 0 Node point 476

Bearing Load: Sumation of T2 SPC forces at node points 477, 478,

479, and 480.

Vane Weight: 2X mass noted in grid point weight generator.

E l emen t an d
Nodal Locations : Refer to pages 101 , 102, 103, Appendix B

The resultant stress data is noted in Tables 16a and 16b. This
tabulation notes the ten highest stresses occurring in the vane. All of

the stresses noted i n Ta b le 16 occur in either the vane boot regi on or
the vane closeou t struc ture . In v iew of th i s fac t, Tables 17a and 17b
ar e also i nc lu ded , in which is related detailed stress data as restricted

to the composite portion of the vane only.

For the most par t, the data presented in Tables 15 , 16, and 17 is
sel f-explanatory . lip deflection for cases 1 through 9 ranged from
.93 mils to 3.74 mils, as compare d to the base po i nt ROVAC value of
2.91 mils. It may be well to note that this 2.91 basepoint value
compares favora bly w ith an es timated 3.0 value assesse d in an AFFDL
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Static
ion

1 D

1 
___________ ___________ ____________ _______
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~~~~~~~Lower 

— ____

I A Ue

BLJ~T j j ~~~~~~~H A 

~~~ Def Iected ~~~~~~~~Position

(Reference Tables 15, 18, 21, and 22)

Figure 15. Tabulated Deflections , Positions A Through E
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TABLE 16

MAXIMUM PRINCIPAL STRESS SUMMARY REFLECTING THE TOP TEN STRESS VALUES

a. Anal ysis Cases 1 Through 4 and Baseline

BASEL NE ANALYS IS No . 1 ANALY~ IS No . 2 ANALYSIS No._i ANALYS S No. 4
ELEMENT STRESS ELEMENT STRESS ELEMENT STRESS ELEMENT STRESS ELEMENT STRESS

163 3035 163 2465 246 3031 163 2861 163 2426 
-

190 4679 190 4158 190 3921 190 4023 190 4093

191 3908 191 3553 191 3254 191 3223 191 3501

217 3887 215 3773 217 3397 217 3115 217 3728

218 3906 218 3670 218 3351 
— 

218 3118 218 3626

244 4931 244 5111 244 4402 244 3805 244 5070

245 4838 245 4275 245 4206 245 3937 245 4219

271 8608 271 6241 271 7697 271 7649 271 6086

272 7004 272 4468 272 6212 272 6405 272 4334

273 3160 164 2594 273 3110 273 3240 164 2554

Stress in PSI

b. Cases S Through 9

ANALYSIS No. S ANA LYS IS No. 6 
- 

ANALYS IS No. 7 ANALYSIS No. 8 ANA lYSIS No. 9
ELEMENT STRESS ELEMENT STRESS ELEMENT STRESS ELEMENT STRESS £LEMENT STRESS

246 3152 163 2975 163 2462 163 2395 244 4572

190 3863 190 3969 190 3917 190 3800 190 3571

191 3208 191 3101 191 3346 191 3208 191 
— 

3038

217 3399 217 2821 217 3504 217 3348 217 3240

— 
218 3336 218 2870 218 3492 218 3349 218 3249

244 4458 244 3209 245 4204 245 4147 245 4027

245 4182 245 3772 246 2515 246 2749 246 2668

271 7564 271 8269 271 6436 271 6985 271 6259

272 6039 272 7356 272 4780 272 5435 272 4688

273 3122 273 3670 164 2480 273 2327 273 2617

Stress In PSI

67

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
~~~~~~~~~



_
_ _

AFFDL-TR-77-49

TABLE 17

COMPOSITE REGION STRESS SUMMARY

a . Ana lys i s Cases 1 Through 10

— ELEMENT NORMAL NORMAL SHEAR MAJOR ANGLE MAX.
_________ 

X V XV PRINCIPAL a SHEAR

2 27 1875 13.1 -4.5 1875 — .14 931
81 1 586 44.8 -15.4 1586 -.57 770

5- **
La 227 450 97. 0 745 1 039 -38.34 765

~ 254 414 22.7 704 949 -37 .22 730

~ 281 321 -74.2 —569 726 -35.43 602
308 240 -111. 7 -411 511 -33.42 447

*
- 27 231 3 8.95 5.28 231 3 - .13 1152
~ 81 1 558 35.4 14.2 1 558 -.54 761

**
~ 227 435 0 -556 815 -34.34 597

~ 254 363 —67. 5 —507 700 -33.49 552

~ 281 178 — 131 -398 451 -34 .36 427
308 -115 -113 -325 211 -45.09 325

*
~‘4 27 1684 10.63 3.8 1684 -.13 837
d 81 1 366 39.32 -13.70 1366 -.59 663
VS **

~ 227 367 -137 -559 728 —32.84 613
~ 254 306 -352 -511 585 -28.60 608
~ 281 203 —642 -415 373 -22.23 592

— 
308 124 -486 

— 
-306 251 -22.54 432

*5’)
27 1386 18.88 -4.9 1 386 - .21 683

~ 81 1225 43.8 1 -14.63 1226 - .71 591
U) **

~ 227 439 299 -730 1103 —42.25 734

~ 254 443 282 -726 1093 -41.84 730
~ 281 386 211 -631 936 -41.04 637

308 322 152 -494 738 -40.12 502

27 2373 8.82 —5.52 2373 — J4 1182
d 81 1 548 34.78 -14.45 1549 — .55 756

227 439 9.07 -553 817 -34 .35 593
>- 254 369 -63.8 —505 702 -33.38 549
~ 281 170 -134 —397 443 .34 55 425
< 308 -147 -108 -330 203 -46.67 331

*The two highest st ress values .
**Bearjn g support region stress.
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TABLE 17 (Cont d)

COMPOS ITE REGION STRESS SUMMARY

b. Analysis Cases 5 Through 9

— ELEMENT NORMAL NORMAl. SHEAR MAJOR ANGLE MAX .
X V XV PRINCIPAL a SHEAR

U) * 27 1741 10.84 -3.86 1741 -.13 865

— 

81 1402 39.48 -13.56 1402 -.57 681

** 227 376 —175 —556 721 .31.81 621
~ 254 312 -412 —507 572 -27.22 623

~ 281 199 —722 -411 356 -20.87 617
308 110 —524 -304 231 .21.89 438

5.0 *

27 1008 21 .54 6.95 1008 - .404 493
81 902 40.74 19.8 903 1.31 431

** 
227 294 230 -680 94t -43.63 681

~ 254 325 246 -705 992 -43.40 706
< 281 315 217 -639 908 -42.81 641

308 315 195 -579 837 -42.06 582

*
27 2007 10.36 -3.82 2007 -.11 998
81 163, 39.14 -12.14 1637 - .44 799

VS

~ 227 512 87.4 -674 1007 -36.25 706

~ 254 478 9.04 -611 899 -34.5 655
~ 281 349 -66.4 -474 659 -33.18 518

308 133 -63.5 -324 374 -36 6 339

(0 *
- 27 1818 11.1 -3.52 1818 - .11 903

81 1 529 40.5 -11.93 1529 — .46 744

**
~2 227 480 102 -683 1001 -37.28 709

~ 254 449 -17 -621 880 -34.71 664

~ 281 347 -146 -485 645 -31 .54 545
308 213 -150 -315 396 -30.03 364

*0)

- 27 1980 11.23 -3.54 1980 -.10 984
81 1665 40.50 -11.36 1665 - .40 812

U) **
~ 227 579 239 —730 1160 -38.44 750

~ 254 549 139 -653 1029 -36.30 685
~ 281 415 40 -501 762 -34.73 534cC 

308 182 20 —316 427 -37.77 326

*The two highest stress values.
**Bearjng support region stress.
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ROVA C test effort. In genera l , stress for all of the design cases 1

through 9 were below that of the basepoint case. Since the composite
designs of interest are far superior to the basepoint design , from a
structural point of view , no further study was made relative to the
resul tant stresses. As noted in Tab le 15 , vane weight was reduced
from .942 lbs to.864 lbs . Due to this reduced mass, not only were the

stresses reduced but the bearing load at the axle support was reduced
from 975 lbs to 895 lbs .

Based primarily on the maximum tip deflection (value C , Table 15),

designs from Cases 7 and 9 were selected for further study . Specifically
for these cases , tip deflections were reduced from 2.91 miles to 1.20
and .93 mils. One secondary point to note is that the movement toward
the compressor end plate (A, Figure 15) was also reduced by over 60%.
This could very well contribute to a quieter and cooler running system

due to reduced end plate forces .

Deflected shapes for all of the analysis cases (Parts I , II~ an d III)
are included in Appendix 0. These plots include the deflected shape

superimposed on the original static shape . It should be noted that
Appendix 0 figures cannot be compared to each other because NASTRA N
plotting equates the maximum deflection to a specific value.

2. PART II ANALYSIS AND DISCUSSION

For the second analysis, the primary i tems of interest are the same
as for the previous case. The overall bearing load , vane weight, and
deflection sumary data are noted in Table 18. Changing regions of

maximum stress can be noted in Table 19 and quantita tive stress data
is included in Table 20. Again , element and nodal locations can be
obtained by referring to Appendix B (Pages 101 , 102 , 103). All
deflection , loads , and weight parameters are the same as in Part I.

The data has again been tabulated in a very self-explanatory manner.
Tip deflections tended to increase about 14% for the FDL-l (no axle)
design. For the FDL-2 (no axle , no boot) design , addi tional tip deflection
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TABLE 18

LOAD /DEFLECTION CHANGES DUE TO VANE REDESIGN

FIG. ANALYSIS ANALYSIS A?-~ALVSI S ANAL~SIS ANALY S IS ~N~EYSISDEFLECTION No. 7 No. 7A No. 78 No. 9 No. 9A No. 98
VAL UE AXLES AXLES & BOOTS AXLES AXLES & BOOTS

REMOVED REMOVED REMOVED —_REMOVED

A .0004 1 .00043 .0004 .00037 .00039 .00037

B .0002 .00035 .00043 .COO19 .00034 .00031

C .00120 .CO14O .00145 .00093 .00111 .00106

0 .00005 .0002 .00018 .000029 .00022 .00017

E .00123 .C014 .0015 .00094 1 .00112 .00106 
—

C-B .001 .00105 .00102 .00074 1 .00077 .00075

BEARING 894 801 625 894 801 626
LOAD ( Ibs)

VANE
WE IGHT( l bs)  .864 .772 .608 - .864 .772 .608
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TABLE 19

~t EMENT NUMBERS DENOTING THE TEN HIGHEST MAXIMUM PRINCIPAL STRESS VALUES
FOR EACH ANALYSIS CASE

N o 7  No. 7A No. 7B No. 7C , 7D No. 9 No. 9A No. 9B No .9C , 9D No.9E, 9F

_______ ________ _______ 
7E , 7F

24 24

25 25 25

26 26 26 26 26

27 27 27 27 27

163 163 163

164 164 164

190 190 190 190 190 190 190 190 190

191 191 191 191 191 191 191 191 191

217 217 
— 

217 217 217 217 217 217 217

218 218 218 218 218 218 218 218 218

219 219 219 219 219

244 244 244 244 244 244 244 244

245 245 245 245 245 245 245 245 245

246 245 246 246 246 246

271 271

272 272

273
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TABLE 20

MAXIM UM PRINCIPAL STRES S SUMMARY FOR VANE REDESI GN
(INCLUDES ALL TABLE ELEMENT S )

ANALY SIS
No. 7 No. 7A No . 7B No . 9 No . 9A No . 9B

EL EMEN 
________ ________ _______ __________ __________ _________

24 1900 2000 1866 1879 1973 1851

25 1954 2054 1921 1930 2023 1899

26 1 989 2088 1957 1963 2055 1931

27 2007 2106 1975 1980 2071 1947

163 2462 2540 1372 2568 2331 1307

164 2480 2580 1320 2237 2326 1307

190 3917 4165 2659 3571 3793 3034

191 3346 3566 1946 3038 3250 3962

217 3504 4182 1978 3240 3904 2262

218 3492 3886 1893 3249 3677 2198

219 
— 

2183 2464 1753 2244 2564 2022

244 4810 675 2425 4572 5965 3277

245 
— 

4204 1 4081 1994 4027 4010 2462

246 ‘515 2441 2048 _2668 2597 2048

271 6436 2122 1455 6259 2085 1 582

272 4780 1739 1360 4688 1784 1460

273 2404 1424 1260 2617 1493 1327

Stress Values  in  PSI
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changes were insignificant. No appreciable change was noted over the

already improved latera l movement toward the compressor end plates . In
genera l , no appreciable changes occurred to overall deflections in
either the FDL-1 and FDL-2 cases.

In removing the vane axles and boots , vane weights were reduced
further to .772 and .608 lbs, thereby substantially improving the bearing
load properties. In addition to the bearing load improvements , maximum
principa l stresses were also reduced for the most part by almost 50% for
the FDL-2 case. For the FDL-l case, a 5 to 10% increase in stress values
was noted .

In sumary , it can be said that removing the axles , or axles and
boots, does little to degrade the basic advanced composite approach.
Improvements , however , are substantial in the area of load and stress
reduction , particularly for the FDL-2 case. Based on these factors , the
FUiL-2 design was selected for further analysis in the Part 111 section
of this study .

3. PART III ANALY SIS

The Part III analysis consisted of defining the effects of varying
thickness on the FDL-2 design selected in the previous section. Overall
deflection results for this analysis are included in Table 21 (FDL-2) and
Table 22 (FDL-2(CG)). Stress data is tabulated in Tables 23 and 24 for
the same respective designs. The primary i tem to note from this analysis
is that although the amount of structure is reduced substantially, the
effects upon vane stresses are only minor. In addition , with the
decreased structure , the resultant deflections of interest were actually
improved upon slightly. The prime improvement, however , was in the area
of vane-bearing loads , where values ranged from 626 lbs down to 328 lbs
for a vane of 40% of the original thickness.
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TABLE 21

LOAD/DEFLECTION CHANGES DUE TO VANE RESIZING (MATERIA L = 0 Deg . = 3, +45,
-45 , 90 Deg.) AS Type

FIG. ANAL/7B ANAL/7C ANAL/70 ANAL /7E ANAL/7F
DEFLECTION

VALUE t lOO% t 7O% t 60% t 5O% t 40%

A .00040 .00040 .00040 .00040 .00040

B .00043 .00038 .00036 .00035 .00033

C .00145 .00139 .00137 .00134 .00132

D .00018 .000145 .000131 .000117 .00010

.0015 .0014 .00138 .00136 .00133

C-B .00102 .00102 .00101 .00099 .00099

BEARING 626 477 428 379 328
LOA D

VANE .608 .465 .417 .370 .323
WEIGHT (ibs) 

__________ ____________ __________ __________ ________

TABLE 22

LOAD /DEFLECTION CHANGES DUE TO VANE RESIZING (MATERIAL CHOPPED GRAPHITE )

DEFLECTION ANAL/9B ANAL/9C ANAL/90 ANAL/gE ANAL/9F
VALUE t 100% t 7O% t 6O% t 5O% t 4O%

A .00037 .00037 .00036 .00036 .00036

B .00031 .00026 .00024 .00023 .00021

C .00106 .00100 .00097 .00095 .00093

D .00017 .00017 .00012 .00011 .00010

E .00106 .00100 .00099 .00096 .00094

C-B .00075 .00074 .00073 .00072 .00072

BEARING 626 477 428 379 328
LOAD (lbs )

VANE .608 .465 .417 .370 .323
WEIGHT (lbs )
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TABLE 23

MAXIMUM PRINCIPAL STRESS SUMMARY FOR CHANGES DUE TO VANE RESIZING
(TEN HIGHEST VALUES) (MATERIAL = 0 DEG. = 3, +45, -45, 90 DEG.)

“N,&NALYS IS
No. lB No. 7C No. 7D No. 7E No. 7F

ELEMEN1\.~ 
________ _________ ________ __________ ___________

24 1866 1856 1850 1844 1835

25 1921 1910 1905 1898 1890

26 1957 1946 1940 1933 1924

27 1975 1963 1957 1951 1942

190 2659 2780 2826 2874 2922
- 

191 1946 1991 2007 2025 2042

217 1978 1940 1923 1901 1876

218 1893 1846 1825 1800 1768

244 2425 2213 2130 2040 1938

245 1994 1870 1819 1 762 1697

TABLE 24

MA X IMUM PRINCI PAL STRESS SUMMARY FOR CHANGES DUE TO VANE RESIZ ING
(TEN HIGHEST VALUES) (MATERIAL = CHOPPED GRAPHITE)

S..4NALYS IS
No. 9B No. 9C No. 9D No. 9E No. 9F

EL EM E N T — ..~ __________ ___________ __________ ___________ ____________— 

25 — 1874 1865 
— .

26 1931 1919 1913 1906 1896

27 1947 1935 1929 1921 1912

190 3034 2588 2651 2720 
— 

2797
— 

191 3962 2009 2030 2053 2078
— 

217 2262 2199 2171 2140 2100

218 2198 2129 2097 2060 2012

219 2022 1962 1934 1900 1858

244 3277 2954 2820 2671 2501

245 2462 2296 2224 2142 204’

246 2048 1949 1905 1854 1 792
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The prima ry factor to be derived from this analysis is tha t for this
particular design an optimum design would be the thinnest vane possible.
Obviously other factors come into play such as manufac turing limitations
and out-of-plane considerations. Typicall y, these considerations would
include vane bendi ng along with the complex aspects of mod eling the
structure with 3-dimensional isoparametric el ements.
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SECTION VI
CONCLUSIONS AND RECOMMENDATIONS

1. CONCLUSIONS

The results of the programs and analysis conducted within this
program has led to the following observations or conclusions:

1. For the specific design considered within the analy sis (Figure 4),
the existing carbon Compact type material can be improved upon substantially

through the use of advanced composites. These improvements can further
lead to more permissive design variation for the assembly and retention
of materials into a ROVAC vane structure .

2. Through the use of the advanced vane materials and structura l
design changes analyzed in this program , tota l weights and operationa l
bearing loads were reduced by 35%. In addition , the use of advanced
composites allows for a design optimization toward the thinnest str.uctu re
possible from either a manufacturing or operational point of view.
Specificall y the analysis considered vane sizes down to 40% of original
size . For the reduced thickness cases , the vane was structurally sound
(in the analysis plane) and total weights and operational bearing loads
were reduced by 66%. Both the 35% and 66% reductions can also be
accomplished while concurrently reducing the peak vane stresses by 30%
to 60%.

3. The primary objectives of the study were to reduce the amount of
tip and edge deflections occurring wi thin the vane structure. Based on
the results of this study it was concluded that deflections can be
significantly improved through materials and/or design variations. Within

the analysis , the most significant changes occurred from the composite
materials substitution. Out of the nine materials variati ons considered
within the analysis , the two best showed tip-deflection reductions of
68% and 59%, and concurrent edge-deflection reductions of 72% and 70%,
respectively. The removal of vane axles and retention boots increased
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the improved deflections by approximately 20%. These increases are only
minor , however , s ince the or igi nal mater ials changes woul d st i ll resu lt
in 62% and 50% improvements. The effects of reducing the vane thickness
were generally pos iti ve , in that due to the decrease in inertia effects,
deflec tions actual l y decreased even thou gh the struc ture was thi nne d
down substantially. Actual values were only minor , however , with a
maximum 9% improvement being noted in the O.4t case.

2. RECOMMENDATIONS

Based on the results of this program , it becomes evident that further
study , analysis, and testing is required to fully optimize an advanced
vane configuration. In this regard , the following considerations or
recommendations are offered :

a. Materials Consideration

Based on initial ground rules , the analysis discussed in this report
was restricted to advanced graphite composites . These types of materials
have several basic disadvantages , consisting of high friction , a b ras iveness ,
cos t, and potential corrosion inducements . In addition , from the analysis,
it was noted that the primary advantages of strength were not being fully
exploited . By sacrificing strength and perhaps some stiffness , the
associated materials disadvantages might be offset throug h alternate
materials choices. Al ternate materials choices offering improvements

in these areas include Nomex and Kevlar , both of which could readily be
i ncorporated into a ROVAC vane structure as either a compression-molded

or laid-up structure . Both materials would elimi nate corrosion and
cost probl ems at the price of reduced but , most probably, adequate
strength . In addition , these materials offer further improvements in
the area of weight and friction . By further reducing the strength
requirement , substantial improvements could be obta i ned (relative to cost
and friction) through the use of fiberglass and/or powdered additives to

the base resin system of the vane structure . This friction improvement
may contribute to the reduction of internal heat generation within the
ROVAC mach i ne.
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Based upon the previous discussion , four very important recommendations
can be offered.

1. A preliminary structural analysis should be conducted defining
the penalties and payoff for various alternate materials. Materials to
be considered should include Nomex , Keviar , fiberglass , and woven Tefl on
fabrics. In addition , resin system additives and supplements should also
be considered within the analysis.

2. It is recommended that the analysi s discussed above be conducted
by simpl y vary i ng the MAT2 properties of the NASTRAN program contained in
Appendix C of this report.

3. For the recommended analysis , physical properties of some
recommended materials may have to be generated . It is recommended that a
ma terials test and evaluation program be initiated to define friction ,
wear , strength , and deflection properties for potential ROVAC vane materials
for which no current data exists.

4. Many similar or even identical materials may be considered in a
current FEM advanced composite bearin y effort. It is recommended that
coordination be maintained , with these efforts as they may prove
invaluable in the selection of an advanced composite ROVAC vane material.

b. Analysis Verification

Although the reported analysis agrees with ROVAC deflection and loads
data , it is recommended that a correlation test program be accomplished
which would demonstrate the comp lete validity of the AVM and NASTRAN models
generated in this report. The correlation program would not have to be
elaborate and could simply consist of a representative static loading on
a baseline ROVAC vane noting ’overall deflections and severa l selected
strain values.
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c. Design Variations

All of the designs considered within this study were restricted to

the existing ROVAC design (Figure 4). For this design , geometric

variables were constrained to values which may not necessarily be an
optimum from a materials/structural relationship point of view . It is

therefore recommended that geometric variations from Figure 4 be

analyzed for more optimized materials selection. These optimums could
then be compared to optimums from an air-cycle machine point of view and

trade studies initiated for a fully optimum approach. These design runs
could be very easily accomplished through the use of the AVM program
developed in this report. In addition to the geometric changes , the AVM

program also can rotate the materials axis to any value in four distinct

areas. Applications of this capability may lead to still further design
improvements.

d. Refined Analysis

All of the design changes studied in Section V assumed that some
form of bearing support pin could be structurally integrated into the
advanced composite region. Currently, severa l approaches exist for

accomplishing this but all would require modification in areas of
maximum stress. In view of this fact , it is recomended that these areas
be refined , and the actua l attachment method be modeled to determine
the best method for bearing -load transition into the vane structure.

Here again , the AVM program could be appl i ed so that it possesses the

capability to readily refine any area within the vane structure .

e. Margin of Safety (MOS) Study (Recommendation)

Although the stress levels noted in this report appear low , an MOS

and l ysis should be conducted to pinpoint relative vane strength . This
analysis would then enable realistic projections to be made relative to
the degree of strength reductions permissible for the advanced materials

previousl y recommended .
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APPE NDIX A

PROGRAM VANE LISTING IN AVM FORTRAN CODE
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APPENDIX A

PROGRAM VANE LI STING iN AVM FORTRAN CODE
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FTN .
LGO.
PEWI ND ,TAPET.
CO PVSPF ,TA PE7 , OUT PUT.
PFW IN O ,TA PET .

- .LÜPYBE ,1 7~ 2U~t L . .__
~~~~~~~~~~_ _  - .~~~~~_ - _____

EXIT ,S
PR0GRA’I vANE (INPUT ,TAPE S= INi~UT ,OuT]U T,TAPTh = OJTPUT ,TAPE 7)

C
C T HIS P~ 0GPAM RF~ D S X AND V D A T A  FR Ol CA RD S A~IJ ~0N ST RUCTS
C A GRID FOP OUTPUT IN NASTRA~J FORMA T

COMPIO’1 /VA ~1X/ X( 7O O ) ,Y U D O )  ,X 2 ( 5 )  ,X TM(5) ,M~~,1 H (+ )
COMMON/0UM RI (ROOt,YRO01,YR)02,N~~0,MG1,i-4G2,IT)T ,HRI,NR2

C-
C ~‘LAD CAR D INPUT

CA L L ~.ZAflIN
— C~ -_ ._ - —____ ____

C CA L C U L A T E  X — Y GRI r A NT) PRINT GR ID C A R O S
CA LL GRIP

C
- C CALCULAT [ AND ?RI~4T V - ILU ES F0-~ CO UAD 2 CA~ 0SCA L L  ~~)JM12

C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -

C CALCULATE C~ AR V AL U ES
IF (N~OD.NE.O) CALL CRAR

C
C CALCULATE SINGL~ °OINT CONSTRAINTS

CALL SP”
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - . -——- -- - — - .- - - - — - - -

C CALCUL A TE MA TF~ IA L A ND PROD~~~TY DAT A
CAL L ~AL C IN

C.
END F I L E  “

~T np
- ~~~~~~~~~~~ . . — 

SUP RO IITIP E. RU AJI9
C
C REA DIN REAOS Tir ~0 1L0WING V A L U E S — —
C
C ~~~ 1, CCL. 1— 5 — NPX — NO. OF X VA .J~ S
C CA~~O 1. C.Ct .6-ifl~ NP Y . - Nfl. . QE~~Y VALUES. . -

C F ,~ FM1 ,A~4f) X J  A E  REAI) IN SP~~ IAL FORIA T
C A LL OTi~ R VALUE S r~EAD WITH 6FIO. Q FORlAT
C

COMMON IVAN X/ X (700), ? (700) ,X~ (~ ) ,XTH (5) ,NP , TNt.)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~C M 0 ~JA&A1iULI Z~~~V1WL7t~ ,10PX,N P Y,~~ZL - -

C MON /EXTR4/RAUIUS (’.),THICK(4) ,xJ (l4),E(8),X’4U(8),~~H0(8),1 AL. DAIA (8),XI (2,(.),VEL ,AXI S,GRAV
rrw~~sio~ V R ( 2 )
LOGICAL PRINT

C

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

~~0 
cr)~~~At (2Ii ,Lt)

C
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2E-A IL C . -— - L~~Ii~0U ) , I~~1.~~ QX3-————_ -- -- -. - . - . - - .

f~L A f l  ~5 , r 10 ( Y I ~~( I ) , I = 1, MPY )
510 F O R MA T ( 8 F 1 0 . 0 )

P~~A f l  (
~~,E 1:) )(°

READ (5,~.10) X T H
(5 ~~ r 1C ) TN

-. - . RE&Ü t5+~ 2 ~Qa,~~ QD1,~~~Q R032.,N-EO7TIN
E?C FORMAT (113, IFIi .3,113)

YR C 1) : YR CI) I
2): YR CI)

NPV
IF (NEO PT I”J .GC. l)  GO TO 33

- . - IE~ LN~O.O.Efl.AI1_G.fl .T 3 ~ . -.

DO 15 Ir~~,MROD
D’) i~: .1:1,HDYM 1
I F (Y IN (J) .LT . YR(I).ANO. Y IN( 1 ,1). T.VR( I)) 3 T3 5
CO TO IC

S  
. ..

7 YIN (JN) Y I N ( J N — 1 )
JN: JN- 1
TF (JN.GT .JI-I) GO TO 7
Y I N ( J I - 1 ) : Y R ( I )

IC CONTINUE
..i.5~CO.NTINUE - -- . .  - 

C.
C
C READ S IN ALL OF THE MA TERI A LS AND ?ROPERTIZS TY’~ D A T A

30 CONTINUF
RE A D  ( 6 ,T i J ’~) IFM T 

. . 3~~~~~~~~~~~~Z.~~~-X.D T~~ 1L.D-~ . .._-._ ~~~___ _._ __~~~~__

PFA D (5 ,~~t~~ ) XJ
S~+C FORMAt( ~~CX ,4F13.3)

(5,’10) THI~ K,RADIUS
READ (5, 13 0) E
Ff lR UAT (B ( , AS ) I

- READ C EiC)~~ 1~fU,R~ O.,VE LXI G-RA.V. - ~ . -

IF (~~~INT) CALL LISTIN
RETURN

1CC PRINT 600
6CC FOR M AT( ~ THI S A RCA NV~T IM~~LE 1ENTED. ’)

STIlE .. . - . . _ .~~~~~~~~~~~~ . .

SU 8POL JTI~~ G R I D
C
C THIS ROUTIN E CAL CU LATES THE X — Y G R I D  POINTS ~~OI THE INPUT VAL UE S
C

C~~1~~~~/VANX/X (7001.,? ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
COMM I M1 /ACAr N/ ) ( IN ( 7~~) ,Y I N ( 7 5) , NPX ,NPY ,NEL
COMMO I4FDUM9AR/ XR DD1, YRODI, YROD 2 ,HR D D ,NG I,NG2, IT 3T,NRI ,NR2
NP: 0
Ofl 15
flO t~’ ~= 1, N0X
NP:NPI.t - . . . - - .. -

X(NP):XIP’(K)
Y(NP) :YI~’ (J)

15 COW TI’I’IE
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C - ._- . - ---_.- ~~~~~~~ .. ---- .—--- ..- —--~~~ . . -

IF (NROD.t fl .’) GO TO 5CC
C
C CALCULATE ‘~~ID VALUES FOR FIRST BA~
C

X I N C r A 3 S  ( X I N  (1) — X R O O 1 )  / 5 .

~ 

~~~~~~~ . . . —N) iQ~N G1 N G I f I
X(NGI ) = X F 00 1~- ( . 1 — I )  ~ X IN C
Y (NG1) YPOI)1.

icc CONTIN’JE 
. . .~~~~~~~~~

C DO I HAVE TO CA L CIJ LA T~ NCW POINT S Ti?DUGN STcJC IJRE?

r no i io
IF (YROD1.EQ.YIN (J) ) GO TO

11C CONTHUE
- . C NO kI . . . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ..

C MA ~( NEW C -RIO PO IN TS
PQ 12)C. 1 = I~ I
X ( N G I )  = X I N C J )
Y ( N G 1 )  : y I O O i

12C CIlN.UN’JE ... 
CO IC) 150

I’C ‘Riri
C
C RflI ) 2

I~IR2 0
C IF .CNR QO.LT.2) .~~fl .10 . S0C. — . . --

~ 1~ O Jrl,N PY
I~ (Y R 1~~2 . C D.Y I N(J ) ) GO TO 253

170
C HO MA TOH — NEW
C

—

r~n ? 0  J=i , ’~PX
NG2=NG2 . I
Y (NC2)
Y ( N G 2 )  Y~~I)D2

‘DC
— _ CO T~O 5Q L  .

2 50 ~R’~ J
C W F I T F  GR IC  CARDS

-~L .L ITOT MA ~~~(NP ,NG1 ,NC’2)
W~ I TL (7,730) (J,X (J),YIJ ) ,J:1 ,ITOT )

700 F C)DM AT(~~HGP I~),~~X ,I8,SX ,2F6.?,SH C. 00)
-~W E1UR~L . - .

Nfl
SIJ BPO UTI~~E C DUAD’

C
C CL LCULA T ~ AND ~R I ~JT CD UA O ? CA~~flSr0MMO~ ~VANX ~ X (730) ,f ( ? O J )  , Y ’  (a.) ,X T ~l(5 )  ,N’ ,I-l (-. 1
- . . COM~4nNIAG~~INf~~~NC 7 5) , Y I N( l ! ) , N P x ,N 2 Y ,NE~L

PI~~FNSIO ~
‘~FL : C
N~ L —H’’~— I
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__________________________________________________—___________ _______

00 50 J 1 , NVL
IGP(1):(J—i3~ NPx
00 30 ‘( l,NXL

—

IGP(1) =I(~P( t)+1
!‘-P~~2) ~Ir.~~ 1 i
IGP (~ ) 1GP ( 2) 4NPX

. ISP(~):ICP(1)+NPX
c.
C FIND PlO

flQ 5 M=1,l.
IF ~~~~~~~~~~~~~~~~~~~~~~~~ Y I I~~P( 2) ).L~~.1~~(4l 1~~ ~O Tt ~ 7

5 CONTINUE
c “ S~ T I°=0 So E~~ OR CAN BZ CH EC~CED (THIS SHOULD NEVER HAPPEN)

IP~~C
GO TO 10

7 IP~ M

C FIND TM
10 00 15 M 1 ,~. . . —

IF (X(IGP(,)1,r,T.XTH(M).Mlfl.X(I~ P(2)).LE.XT~$(M,1)) GO TO 2)
15 CONTI~ UC

C “ 00 cANE AS ABOVE
THY~~r.. __________ _________

(0  Ifi 25
20 IMX TH(M)
25 WRI TE (7,700) N!L,IP,IGP,T’~X70t  FORMAT (6H UAD2 ,2X ,6I~~,FA. 31

C

3~i COWTIN’JE
C

SC CONTINUE
C

PET UR9
— tNO

~UBPOUTII~F LIcTI W
C
C LI~ T WRITFS ALL INPUT PARANLT’ Rc
C

COMMON FvAN xF~((700),’r(7CO) ,x~~(5),XTH(5),N’,TM (l.)
-- - - ~~

___ C0MMflNLD tLMDARLXROOi÷YRflOi . YRiII2, M? flfl~ ~~~~~~~~~~~~~~~~~~~~~~~~~
COMMON ~~A~~A I N / X I N  (75)  ,YI N ( 7 1 ) NPX ,NP Y,NEL
COIlI4ON/CXT~ A/RAOIUS (’.),THICK(~ ),XJ (4),E(8) ,XNU (8),RHO (8),

1 AL OATA (A),XI (2,4),VEL,AX t~ ,GRAV
WRITE (6,600) NPX,(XIN (I),Irl,NPX)

6 C C FOPMAT e1PPOGRAM REAO ‘,13, X—V A L IJES AS F 3L .LOW S —— ~~
-

WRIT~ (6,6 10) NPY,(VtN (I),1=t,NPf)
610 FORMAT ( 1I IEX ,’P,Nfl READ ‘,13,’ Y — V ALUES AS FOLL~ W S—— ~ / —

I (t0X ,IOFIO.2))
WRITE (6,620) XP

~2C FORMAT (/I/5X,’PROPER TY ID OIVISIOMS--’,cFiO.2)

~ WR1T~ (€ , 6 ~ fl’ 1T~4,TH
63C FORMAI (///cX ,’MATERIAL PROP!~ TV ORIENTA TION AN~ LE INFORMAtt OH——’~1 LOX ,’CA T & D I V I S I O N S —— ’ ,SFIC.21,1 X ,

2 •O~ I(P~TATIO N A NCL ES—— ~ ,’.F10.2)
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WRITE (6,ó’.0) XROOI,YROOI,YR OP2
bl.C F0RMA T (/ //5X ,~~XR0D 1~~’,F8.2,’,~ YR0f1t=~~,F8.2,~~, Y4~O02=’,F3. 2)

WP ITF (5,f qq)
699 FORMAT (///SX ,’PR OPERTY 1 2 3 - - - - -

5 7 8 I
— ~.WRI1F ~~~~~~~ Y.I ,Tkj l~I~,P~~flhII~

7 0 0  F O R M A T ( / / F 5 X ,~~J= ,~~2X ,4F1 0 .3/ /5 X ,~~T H I C K = ~~,kF 13.  3//
1 5X , RAD IUS~ ’,37X ,4F10.3)
WRIT~ (6,710) F ,XMU ,~ NO

710 FORMAT (//5X , =’,4X ,3A1C//5X .’XMU=~ ,$F10.3/F5X,’RH0~’,8Fj3,3)
WRITE (E~,720) VFL,AXIS,CPAV ,A LDA T A

_____2 21 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Aii~~=.,:ir,~~~~ -

1 •, (RAV= ~~,F10.3/F5X ,’AL 1ATA ~’,8F10. 3)

~!TURM

~Mfl
St J BROU T IPJE C )AR

C
~~~~~~~~~~~~ r.~ Ir~uI~~T Fc ~ in DRIPJT c i t i ~~c Fm? r.c%n~ r~~~nc

C S INCEPE A PO L O f I E S  TO ST RUCTU R~ O PR0~ RAMM IN3
C — - -~ -

COMMON/A (AIWXIN(75) ,YIN(75) ,NPX,NPY,WEL
COMMON /VANX/X (7i30),Y(?O0),XP (5),XT H(5),NP,TM((,)
rOMMO~1/OLJ PIqA R/XROD1 , YRO(I1, Y RO D2 ,N R3O ,NGi,Mr,2, IT OT ,NR1,NR2
UIMFNSTr)N T (P (?b
NFX ( NN) =( NN—j ) ’~~~X~~1C

C CALCULA Tr ALL ~4flRIZONTAL CRAP VALUES FOR RDO 1
IPI O= 5 - —

X3=l1,
IF= 1
N~ L R=NcL
lOP (1) NF
nfl 50 J=1,’.

_ _ N EL R=NFI F41 ___________________

IC~~(1)=I(~P(1)*1ICP(2)=IGP(i)I1
WRITF (7,700) P4EL~~, IPIO,I~ P,X1,X2,X3 ,IF76 0 FORMAT (~ HCRAR,~~X ,~ I8,3F6.2,I~)

5C fONTINUF
---C- ______________________

C WHERE 00 1 C~O FROM HERE?
IPID=T
IF (NRi.~’E.1) co TO 100
flo 70 J= 1, NPX
lO P (I )  =IOP (1)+1

— IG~~(2F~Ir.P(l)41
NELB=NEL P~ 1
WRITE (7,700) NELB ,IPID,IGP,X1,X2,X3,ZF

70 CONTINUE
F,O 10 120

C
C ~ T’~fl flL~ GRIN ~flhIJTS

100 TG P(t ) = IG P( i )~~1lOP (2) :(NR1—1) ‘NPXIj
NFL R N FLP+i
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URITC (7,700) NELB ,XDIO,I~~P,~ 1,X 2 ,~~3,IFI GP ( i 1 = t(~P ( 2 ) — i
- HPX M2~~IIPX- t 

00 110 J~~t,MPXM1
IGP(13~~ICPt1)li - - - - - -

IF~D (2) IG~~(1)41
M-l R P.IEIPII
WRITE (7,7005 t4!LB,IPI0,I~ P,X1,X2,X3,lF

— - itO C1551TIN1IE~ -— - - -

C
- C ~~ OO I MAVE A SECONJL ROCJ? - ---—- -

120 IF (NROO.LT.2) ~,O TO 200
~~I f l R
IF (NR2.C~I.01 co TO 130LGPII)= (NR2—i)’NPZ
GO TO lkC

130 IGPLfl NCt- —— -—--—-————- —

140 NPXMI MPX—1
flO i~ 0 J=1,’~~~’~1IGP(1) ztr~P(11#1

— -- IGP (2)~~IGP (t)It -- 

NEL~~ NELP41
- WRjTC-(7 ,70~~ NEL8,I D.I~ P,X 1,X2,X3,IF - -

150 CONTINUE
C
C NOW FOR TI4~ VERTICAL BARS ON ROD I
C FIND TIE POINT - - - - -

200 Xt~~t .
X2:O. - - -

IPIO=6
IF “~R1.EO.0) GO -TO 250 —

N(IP MINO (3,MPY—NRI)
— NON~NINO(3,NRt) - - —~~~~ - ——- —---

C
- C CRA R CARDS FOR 1~XISTIN~ GRID POINTS

NEL~~ NELP+i
~~~~~~~~~~~~~~~~~~~~~~
TOP (2) PIPIS
WRITE (7,700) NELB,IPIO,IGP,Xi,X2,X3,IF
IGP (i) IGP(2)
IGP(2)~~NPi’NPX~ 1NFL B NELPI1
MRI~TL (7 ,700) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C
- - NTO~ NUP +NDN — — — - - - - —

IGP(i)- (NRi—NON ~ t)’N~ X4i00 210 J 1,NTO - - - - - -

NEL8=MELP~ 1
IGP(21 110 (i)eMPV
WRITE (7,700) NELB,IPIO,IGP,Xi,X2,X3,IF
IGP(i) =I GP (2 )  —— -- -— — - - - - - - - - -

210 CONTINu E
RETURN

C
~ ~~~~~~~~~~~~ Ffl~ M~~ I~RTfl PQT WT g

250 00 260 J=2,NDY
IF (VIN (J).GT.YRODI.AND.YIP&tJ—114.T.VRODLJ SO TO 265

260 CONTINUE
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— 265 ~‘Tfl~ =J
NQOT=J—1
WU P~~1I N 0 ( 2 , N P Y — N T O P )  -

NOP1=MINO(2,(NPOT—1I)
- lOP (1) =N F X (N 9 O T — N O N )  - - -

27t IGP(2F~ICP(1)+NP’(IJF I R~ MVI Pel ______________________________________________________

WRITE (7,700) NFLB,IOIo,ISp ,xi,x2,x3,IF
lOP ( 1) =I C 0 ( 2 )  - - .

IF (IGP(1).Efl.’IF~((NflOT)) GO TO 280CO TO 270 - — - -  — - — -—  -—

2’O Ir,P(2)=NP +6
tW LR =W ~~IP4.1
WRI T~ (7,700) NFL8,IDIO,IGP,X1,X2,X3 ,IFlOP (1) = I G D ( 2 )  - - -

TOP (2) =NFX (NTOP)
NELB=NELPI1
WRITE (7,700) NEL8,I~ ID,IGP ,X1,X2,~~3,IF

— 
pg~ 7 C pt 1 ) : T t D ( ~~

IGP (2)=ICP(I)+MPX
NEL8 NELP+1 - - - -

WRITE (7,700) NELB,IDID,I~ P,XI,X2,~~3,IF
IF (IGP(2).LT..NFX (NUP+NTOP)) GO TO 290 - - -

C
C Of) T WO ST PAN~~ flTAIOP111 ~ A~~S

I~’tO=5NELB=NELE .1
WRITE (7,700) N~ L~ ,IPID,NFX (t4goT) ,‘1PI ~~,X t , X 2 , X3 , IF
NEL B N ELP~ 1 - -

WRITF (7,700) NEL8,I~ I0,NP+5,NFX(MTOP),X1,X2,X3,jF
C

R E T U R N
END - — 

~IJBROIJ T Ipr CAL C IN
C - -  -

C TW IS ROUTINE CALC !JLATES MA TERIALS AN D PROPERTIES TYPE DATA
£ _______________________________________

COMMON /V4NX~Y (700) ,Y(700) ,X D (5) ,XIH(5) ,N’,TH(f.)
C0MMO~1/AGAIN/XIN (75) ,YIN (75),NPX,N PY,NEL
CQMMON~ DUu4flAO/X~~ Dj ,YROO1, YROO2 ,NROO,NGI,NG7, ITOT ,NRI,NR2
COMMOW/EXTRA/R~ OIUS (4),THICk(4),XJ(kI,L(8) ,~~MU(8),RHO(8),

I A LOATA( 8),XT(2,d.1,VFL,AXIS,GRA V
- — ~~IMEN~ Ifl~ A I4~ —_____________________

(1811 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
C

00 IC .i 1,’.
A(J) :PI’f ADIUS (J)”2

XI (i,J)~~XI(2,J)~~~I’RADTUS (J) ’4Ik.
_ _ i0  ~~~~~~~~
C

VELC:VLL/60. - -— -—-  - -  — —

IF (CRAV.EQ.0) GO TO 699
GA C EL = GRA V
CO TO 70 1

699 GACEL IL(l&T&(1) AIDAT1I(2)
7~ 1 CONTINUE

C
C WRIT E E X T R A  CAPMS
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~~ITE (7,700) (J,J,TMIC’((i), l=j p ’I)
700 FORMAT (~ PQUAO2 ,218,F8.1.)

C - — — - — - - -—- ——- —  -- - — - - — — — —  —
00 115 J=I,4

- ~~=~141. - - 

WRITE (7,705) JS,JS,A (J) ,XI(1,J),J,J,XI(~~,JI ,XJ (J)

~~~ 
FOQMAT I 8W P~~ AP~ ,‘II6,2E1 6.7,~ QABeOEF ’,I1LTN’A 9CDE F,Ii,2Etb.7)

115 CONTI N UE
- - 00 120 J:1,~ - - - -

WRIT ! (7,710) J,E(J) ,XMU(J) ,RHO (J)
TIC FORMAl (‘MAT I - •,I~~,A ô,ftX,2F~.1..) - - -  -- -- - - - - - -  -

120 CONTINuE

I9S NPX~ P~~Y 41ITOTPI=ITOT+1 - - - - - - ~~~~~~~~~~~~~~~~~~~ _

WRITE (7,715) IRS ,ITOTP1
71~ FORMiT ( PCI’,91,’500 i23456’,2I$1-_- __ ___ -~~~~~

___
WP I TF (7,717) ITOT -

7 17  FnRMAT t3cPC13,Qy ,.5p1.,7I,.~.,,~ ,~ j TIJ~~U~~ ,j & )

TBSI I9S41 -

IBS2=IOS+2 - ~~~~~~~~~~~~ - - - -

WRITE (7,720) IBS1,19S2
720 FORMAT t PCt’,9X,~ 5U23,7X,32~,2Ie) -— - -  — -

C
WRT T~ f 7~~7~~5) I Tf lTPl ,VF Lr .,O ,7ER0., Z~ Ra

725 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
1 8H+RFORCEI, 3F8.~) - - - 

WRITE (7,730) GACEL,ZERO,ONENEG,ZERD
730 FORMAT (5HGRAV’,t7X,421’,j6X,!j6.7,Fj6.4,’~GR4Vi3/

1 6H+GFAVI,2X ,2F8.k)
V~ T T E I7 ,7l~~I OM OIJE, O~IF

715 FDR )4AT (~~PA ~~AM WTWASS •002~ e8~ /~ DARAM GROP5IT~~,9X,’O’/1 ‘L OA (1 ,iOX ,’30’,2F8.4.,6X.’20~ ,F8.1.,6X,’2I’5
Y A X = Y I N ( 1 ) + A Y I S
WRITE (7,71.0) ITOTP1,ZLRO ,YA X ,ZERO

74 C FOPMAT (’CRIO ’ ,4X, I8 ,8X ,3F8.31
WP I T~~(1÷7j .j)

71.1 FORMAT ( ‘ )Nf l OATA~~)RE TURN -

SURROUTINE SPC
C

- C _ ~~PC CA1 JJI LTES_CpP1STR~I~JTS F~~~ FICH W O O! AT RI NT EDGE QF_V A14~
_

C
COMHON/AGAIN!XIPI (75) ,YIN ( 7 5)  ,NPX ,NP Y ,NEL -

COMMON ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
COMPION/DUMBAR/XROO1,YROD1, YRODZ,NROO0NGI,N02,113T,NRI,NR2
OIMFN SIO ~ IS~ (8u)
i~~ (1) =~~g
N L Q
ICON I5 * — - — —— - ———— — — —

N SPC = N PY
(10 10 J1 ,NPY ._-_ -_ - -—

ISP(J4t)=ISP(J)+1
NL=NL~ PIDY

WR ITE (7 ,7!’0) ISl’(J4 1),!CON,ML
700 FORMAT (4HSPC1,l~X ,3I8) - - -

10 ‘ONTIMIJF

91 
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— IF (NR’)D.E° ,O-P GO T O 20
IF (PIR1.NE.0) CO TO 15
WSPC:MSPC,1
ISP(NSDC1t)=ISP(MSPC~~ 1
WR ITE (7,700) ISP (NSPC+1),ICON ,NGi

15 IF (WR7. p’E,O) GO TO 20
—- pJcPC=N~ Pr..1

ISP(NS~ C +1) =ISP(WSPC) 41
WRITE (7,700) IS°(NSPC+t),ICON,NG2

C
C WRITE SPC TOTAL CARD

20 NSPC=NSPC41.
NV’.Ap f l= PJ !Pf ~IA
IF (M0O( NSP C, B) .N E,Ou NCAR O:NCA RO,1
ISP (58S°C—2 5=500
ISP (WSPC—j) :501
ISP(NSPC) 502
NCONT IO
IF I PJ (~A~~ n , F’~~~1I r.O T O 2 f l 3
WRITL (7,710) (ISP(II ,I=t, 81,NCONT

710 FORMAT (6HS~CADO,2X,8I6,3HA3C,I2,
IF (NCARD.L!,2) GO TO 100

- - PICR NCAR C—t
11=1
no c~ _____________________________

I1=I1I~~
IS=I147
IF (IS.Gr.NSPC CO TO 70
10= NCON T
NCONT= ‘ICONT +1
WRTTF (7,lZOL Ifl, TcPITI ,T=TI,1c ,MCOM1

SC ‘ONTINUF
11:111 8

70 IS=NcPC
10: NCO NT

720 FORMAT (3 6C,I2,lx ,u~t8,3H C,t2)
_ 25 W~ ITE t7,lln) Tfl ,II~~~ I I) , I Ij , I 5) _

730 FORNAT(3H,BC,I2,3X ,8I8)
RETURN

C
100 11:9

IS: NSPC
To x in  —- ——--—- -—

NCO NT: 11
GO TO 75

C
200 WRITE (7,71.0) (ISP(I),I:1,NSPC)
71.C FORMAT( 6MSPCAD O,2X ,8I8)

RE T IIRM _________________

92
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APPEN D IX B

TEST CASE PLOTS AND ABBREVIA TED LIST INGS
FOR TEST CASES 1 THROUGH 4
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01 .~~ •~ 1 ~~~~~~

II ,~ ii L T 7  -
~

SI ,~ vi •—•
~~~

•
~~~ -, —T v- I

(.1 t xv ~3 1 L 5

as V ~~~~ ~~~~

SI i~ lu Y 1 1.

PS u~ xv ~ ~~ —V

:: :: ~~~~~~~ 
_ _ _  _ _ _  _ _ _ _ _ _  

I

15 .i ~u 5 1 —T
a)
‘/,
Ia
L)

05 vi ‘U, T ~ 1
4)
I.-

18 si i~ i. T 5 1 —

4)

58 r i  i Z -I v v

I F \ 
~~~~~~~~~~~~~~~~~~~~~~~~~

.

PP

IV

SP

TV.
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— , —

o • S
— . I-

ii — — . 5  — 
___ ___  _ _ _ _ _ _ _ _

— VI S— S VI m —
51 •—•

~ 1 — — —7

•.1
o VI
— ,. I.

— __ _ _  _ _ _ _ _

• I— S •4 VI I 0— S S xi —
;— —V . V

— - I.. C 1.1

SC — V I I  0 T
— S VI xi • S

• VI 1 0 -;
• - IS C .4 .4-’

S.— ______ — 
•4VI VI xi • VI E

- __ _ _  —~~~~ _ _  _ _  _ _ _ _ _ _  a)

VI U o • V — 
• —• I- 0 -.

—S — ______ ______ ______________

VI I—
VI VI 0
-. S xi •1 • a)

(I,
Ia

___ ___  ___  ___  ___  
C)—

~~~0 
.4-,

I U)0 I~~~~ VI U• VI — I—

IA C’,j
VI - I
o 0 0 5-. • Vi

U

‘I

14 1 0  VI CS C —

C

“I

TV - I
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C I I— 0 — • VI U) 14 VI Vi— — VI . IS Vi U) Vi 14 - —

S Vi
— 0 VI IS C VI VI 14— — S IS IV III xi 14 . —

Vi 14
— 0 VI Vi 0 IS C —— — S IS VI U) Vi 14 —

C — I— 0 S Vi 14 5 IV Vi I 0— — S IS IV C II) 14 . —

- g IS 5 U) 1 4 1  —~— — 5 - IS VI C xi N . VI
____  ___  ___  ___  ___  ___  

4.)— a • IS C - I c
— VI S - IS S C xi 14 • S U

_ _ _  _ _ _  _ _ _  _ _ _  _ _ _  _ _ _  _ _ _ _ _ _  E
5 U) 

~~~~~~~~ ID xi 0 I
— S S IS U) C xi 14 • IS

___  ___  ___  ___  ___  _ _ _ _ _ _ _  
IJJ

— N C • UI 14— VI S . IS U) C Vi — C
____ ____ ____ ____ ____ ____ __________ 

C
0 VI xi 0 1 5  — 10— S S iS Ifl C xi — IS)

____ ____ ____ ____ ____ ____ __________ 
In— —  a)-oS I - 00 Ui IIS I VI IV VI 0 I -— VI 5 . 1 0  In — I, — - C

U
IS I I),
0 C — I S U) 14 VI o - (0— VI 5 . IV U) C 14 — xi C)

4)
_____ _____ _____ _____ _____ _____ 

(I)—— 4)
I—• I

0 Vi VI I IS — S U)
— S S • IV UI — 14 — - 14

cv)

U)
0 14 S I S Vi 0 15 C I-— VI IS • S U) — V.4 — - —

II) C VI 14xi &n IS) U)
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GRID I ~.00 . 6 G  v . 0 0
GRID 2 .25 3.uO 0 . uU
GRID 3 .~~0 0.00 0.00
GRA D 1, .;~~ b .c; 0.~~0GRID 5 1.IjC 0.06 0 . v O  —

GRiD 6 1.10 6.00 6.30
GRID 7 1.zO ~ .Uu 3.00
GRAD 8 l. 1) 6.C0 6.00
GRID 9 1.40 L .O (1.00
GRID 10 t . . 6  0 . O u  0.~sC
GRID 11 1.?~ 0.00 6.00
GRID 12 2.00 0 . 0 0  o . C Q
GRID 13 2.~.5 (.Ou v .60
GRA D 1~ 2 . 6 u  0 . C 0  6 .6 0
GRID 15 6..6 .‘.0 0. vO
GRID 16 .~ 5 . ‘.u 6.vij

GRID 129 .60 I.&~ 6.00
GRiD 130 .7~ 1.60 0.00
GRID 131 1 .6 6  1 . b s  v . 6 0
GRAD 132 1.13 1.-S u 0.00
GRI D 133 1.26 1.bO  v .vO
GRID 13. i.~~u 1.th 0.00
GRA D 135 1.’.O 1.O u u . 06
GR ID 135 t . .0  i.bL v . v O
GR ID 137 1.75 1.èu 6.00
GRIC 138 2.vQ 1.8u 0.~.0GRiD 139 ~.2b 1.66 v .00
GRAD 1+0 2 .~’C 1.bu 0 . 6 0
GRA D 11.1 — 1 . 6 0  ..0 v . 0 0
GRID 142 — .60 .43 v .60
GRID 143 — .uO .1.0 C . C 0
GRAD 144 — .40 .4u (1.60
GRID 145 — .26 ..~~ 0.60
COUAD2 1. i. j 2 16 15 0.003
CQUAD 2 2 1 2 3 17 16 0.300
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C O U A O 2  3 2 - 18 17 6.300
CQ UA D2 4 2 6 19 13 6 . 0 0 )
CQ UAD 2 5 3 2] 13
COIJA D2 a 3 7 21 2v 6 . 6 3 0
CQUA D2 7 7 22 21 6 . 3 0 0
C O U A D 2 8 . B 9 2~~ .12 0.300
COUALa 2 9 4 ii 23 3.030
COUAD2 13 . 10 11 2~~ 2~~ v.060
CQ~)AD2 11 11 U 2b 25 3.006

CQ UAC2 116 124 1~~ 13~ 13~ 3.)v10
CQUAO2 117 125 12c 1~i0 133 0.300
CBAR 116 141 1-2 ~.O0 1 .Ov 0.03 1
CBAR 113 11.2 1— 3 C.t. u 1.00 0.60 1
COAR 120 5 1-3 1~ .. v .60 t.~~ 0.00 1
CBAR 121 5 14., 14~ v. Ou 1.33 ...vv I
CBAR 122 7 1—~ 1~ 6.610 1 .0 6- 1 3  1
CBAR 123 7 15 16 6.1.0 1.30 v . 3 3
CBAR i2~ I 1G 17 j .uO 1.33 0.0~. 1
C B A R  125 7 i7 1~ 6 . 1 .0  1.06 v. 6. 1
COA R 12v 18 13 u.uO 1.~~iJ .j.UJ I
CBAR 127 7 19 2u v . 0 6  1 . 00  0 . 0 .~ 1
C9A R 125 7 ~.u 21 u . v O  1.30 ~~~ I
CBAR 129 7 21 22 0.60 1.~~ (v.60 1

~8AR 130 7 22 43 6 . 0 0  L . v O  6 .J ,  I
CBA R 131 7 23 24 3 .0 0  1.j v v . 0 j  1
C8AR 132 1 2’ 25 6.00 1 .vij 0.06 1
CBAR 133 7 2v 6 .6 0  1.Jv 6 .0 0  1
CBA ~ 134 7 2b 27 u . U 3  1.~~0 0 . - v . 1
CBAR i3~ / 27 26 0 . uv  i .u  C.~~, 1
CBA R 136 3 ~~ 0 . 0 3  1.j O 3.-3j I
C8A R 137 87 6 .6 0  1.36 0 . O u  1
CBAR 136 87 o~ u .L0 1.~~3 v .03 1
CSAR 139 8i v .61.. 1•00 0 . C v  I
CBAR i~.0 9~. 0.66 1.33 6.00 1
CBAR 11.1 3 91 (1.00 1..) 6.11 0 1
CE A R 11,2 o ~,i 92 U. -vO 1.30 0.03 1.
CRAR 11.3 6 ~2 ‘~3 u .C0 1.13 0.3) 1

11.1. 3 9.~ 9— U . C C  1.~ 6 . 0 3  1
C BAR 1’.5 S 9.. q5 6 . 6 0  1...... 0 . 3 0  1
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CBA R ~~~ 96 0. i . C 1.30 .0)
C SAR j~~ 7 3 9o ~~

‘ 0..3 1.~~0 11.0)  1
CeAR 1’.3 8 97 ~~‘ 0.66 1...v 0 . O u  1
CBA R j ..9 I 1..~ 1.00 6.33 6.6) 1
CBAR 150 5 1..6 2~ 1.66 0.06 ( 1 . u O  I
CBAR 151 5 —13 1 1.66 0.00 0.03 1
C8AR 152 3 1 j 1.30 0.03 0 . o v  £
CBAR 153 15 29 1.66 3.03 0 .uO 1
CBAR 15.. 5 29 ~.3 1.60 3.3) 0.00 1
CB AR 155 ~7 1.00 0.uO 0 . 0 0  1
SPCI 100 15 1..
SFCI 101 15 23
SFCI 102 15 ~2 •
SF61 103 15 ~- v
SPCI 10~ Li 70
SPCI 105 15
SFCI 105 15 98
SPCI 10 7 Li 112
SFCI 103 Li 126
SPCI 103 1.1 1.0
SPCAO-3 93 166 161 1 2  113 1-0.. 1105 1 3A6~.1)+BC iC 107 1105 169 ~.JC 5~~1 502
PQUAD2 1 1 .7560
PUUAO2 2 2 .7500
P Q U A D 2 3 3 .7560
PQUA D2 1. 1. . 77 0 0
PB A R ~ .113u-~73E+0i .tJ17Sl6E+03 ~~~1...JEF1
‘A BCIOEFI .j Oj 7 B 7 b Et C )  .? 5 . . 0 Q . . J~.+ 30

o .2t . . . . 593L+Oi  .51i2~~-,71.+CJU.~JvJl F2
•ABCDEF2 .,1s2997E+ 00 .~~6 0 C - ) C 3 E .  00
PBA R 7 ‘ . 0 bo ~~53 E—0t  .397a J7 6 E—6 3 Q. ( 30 ~)E~~3
~M8CDEF3 .3 9 76 0 7 8 L — -13 •
PRAR 0 .70à8~~3iE—01 .Li7~~ I) / 3 E ~~ J3~~ A 3S.I L ) E F 9
CA SCO EF4 •39 7 t 0 7 o L — J 3  • 3~~0 0 6 1 . 6 E + 6 0
MA r l 13.0E7 .2506 • 2 3 0 0
HAIl 2 3 .U E .Z... .2 5 0 3 . 2 o 0 0
MA li 33.QE7 .2 5 C C  . 2 3 0 0
MAl l ..3 .6E7 .2500  . 2 3 6 0
MAl i 52.o17 .3000 .2~ 60
MAli o2 .8E7 . 30 0 6  . 2 8j O
MAl I 72 .8 E7 .3ivf l l]  . 2 ’ C 0
MAll 82.8L7 .3066 .2360
SPC1 530 i23..~ o 11,1 11.6
SPCI 501 6 1 1H~~U
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SPC 1 302 2 1~~ 1,3
RFORC E 23 1—c. .33333J3E+~~ Q (p~1j,~CE1+kFO~ C~ j  1.3) 33  1 1 . 0 6 3 3  - 1 .6 0 0 0

21 .3000u.jJ~~+v5 0 . 0~~3 3 1
•GRAV 1 — 1 . 3 3 3 0  3 . 0 0 0 3
PA RAM wTMr ~~~ •0 0 2 5 o 3
PA RA M GR0 ,~(1l 43
LOAD 30 I.uvOO 1.0300 2v 1.uvvd 21
GRID 11.6 0.000 — .000 -0 .130
E N JDA IA

~ 00

— --- — -- — - - —.— - ——.-.--- ---- - — - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _



AFFDL —TR-77-49

II. V. US ~~~~~ ~~~~~~ V. U Vi T fl ~fl ~~~~ it V - r .  —:

i~ t. I. ,I T1 it tL 7I. r. U fl - f l  it ~~~~T,

IL Y 1 i1 fl ~~t U. V. V T~ ‘) 11 it T. —.

IL T. r. n ~i Ut U fl 5 —
~
- —it —it fl. P —- —

SI i I 1) i1 fl ‘i. iL i5 V. 1) vt W V.

1 T, 5, 11 11 ~~1 1i . 1L t5 ~~~~~~ 1) Tt i1 V. .

il T. ~ . W 11 11 ~~~ ii ~~~ it T5 T, - i i  fl —ii~ 
•—•—._ —,- —

it r r L —n —it —vt —ii. —is —--v. —ii —it 
~~~~~~ L —. —,

UI

0
IiS~ V. 1. 7 S 11 0 ft it V i UI 11. 5. ~~ ~~~I ~~

c’4

LI V. r. T ~~~~~ 51 it _____- i
• ~~~~~ 

_
~
__—y ______

~ 
______ In 

~~~~~ ~~~ UI ~~~~~ ~~~
10
C-,
4.,

II -, V T ~~
__•) 

~~~~~ 1 T5 ~‘. it fl U1 L • ‘ . t
I-

II tL L I’_ ~~~~~~ Ut ~~~~ fl it ~~~~~I5 T. 1% fl fl iL ‘. L

‘I U. V U 11 7) it 11 ~~~~ it ~~~~~T 7 -U Ut U. 1. ~.

II Y. ~. V. 1 T) it 0 it T T i) fl 1 —. 1.

II r. 4. V. •VI 15 i) i1 W 7 5 T) TL •~~ • 1  t C)

I) 7. ~~ T. TT ~~~ tI T1 i) t~. U T ) Ut L • 1 .  t

UI ~1’. It V. T! i) 5) fl ~~~~ U. U_ U 1) V1 1 • 1  5.

1 It TL t1 T1 T1 1t 1L U. V ~~~ii ~~~~~~ ~~~~~~ ~~• k
SI ~~~ 

-U T~ 11 U, 5 fl it _
~~~~~ ~~~~~U. 5 ~~~~ fl , S

II ~~~ i~ TL i~ 
- V1 Vi 1t 1t U t V~ TL t 1 —

SI ~T. it T~ 11 11 it 1% 1% it T. i) 5 —
II r P it ~U, T1 fl UI ~~~~~~ ~~W T. Vi it ~~ ‘. —
II T. it V~ 1) 7’ it it Y. r. 1? V1 1 • - — c —

ii T1 tt V 1i 11 it fl 1) Tb 5 i~ t~ t ______ —

ii I. 1 T i~ T~ ~~~~~~ i) i% 0 T_ T~ 11 •1  1. —
II T1~ U_ T_ — — 14 ~~~~ ‘I 1t i1 •tt P. T. 11 11 • L  ~~ —

•, -T~ 15. T~ it 1i ft 7% T1 W V. T~ T1 ~ —

‘~ -Il 
~ —Ii ç

~1 i:iii:::~ 
—n —it —ic T ~~I 

—
~

——i 5 ~~~~~ t t —

I,

I’

‘I

II -

101

-— 



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

—

AFFDL-TR-77—49

~ E 8 ! ~

8 8 !  8 !

8 ~ ! ! ! ~

~~~~~ 8 8 8 ! ! ! !  r

8 8 8 8 8 8 ! !  ~

8 8 8 8 8  ~

8 8  8 8 ! ! !  ~

8 8 8 8 8 ! ! !  ~
—

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ T~ ~r F  1 1 f 1—  1 1~~~I- -t ~~ “I- -r r •-

~ J -1-- •1— 
~~ F I- t 1 1 ~~~~~ ~~~~~~ ~~~~~~ ~1~~ 

-
~~

—

~~r —1- —8-— -1--I 1— -8-— -8-- —F- -1-— 1— !— -r— T ~~~~~

~ i T 1 F~ ir— ~
-E-- F- T 3~ 1 r —F- 

~~~~~

~ -ir- -F- - - T F- I- -: -: ~~~~ 5
.± ~~~~:~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~j-;-

- - -  —a—- — - —  — — — ---- • —~~— • —s-— —
~

-— —t--- — -
~ —-

— ~~~~~~ - - ~~~~~ . 
~~~~~~~~ ~~~~

_ -~~
_ —~~

_ -
~~~~~~ 

4_ S-!- - -~~- ~~a— - - -~~~- — -s-- --  -
~~- - -- — —

f - - — + +- +-- -~-±-f- +- -!-- +- -j--~-

102 

- - - - -  --



AFFDL-IR- 77-49
—

8 8 8 8 8
-u - — ~~~~~~~ — — —~~ — — —~~ — — —~~ — I

8 1 8 8 ! s

—

8 8 8 8 8 !
— C.. — — —;~ — — —.5, — — —TI — — —. —

8 8 8 8 ! ! 

8 8 1 8 8 !
U — —  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.—T. _ — — .—---1

~~— — —

8 1 8 8 !
— —t —

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

—

—

- it- —5, -1-
~ — -8-a — -8- i’ — — -

~~~~.~ ~~— 1- —~~ —8-— - —8-~ 
— —8--- —a - ! -  —v— 4-u — —i --- -

~~~
—

~ 4— — —8-u — —8--- — -,
~ -!----- — —~~

-
~~~ 

- —  —‘--- —‘ —

~u — - -p  — —8--- —i-n — -!-~~ — —~~
--- —S ~~~~ 

-
~~~~

~~ 
— — - -

~~~ 
— —i--~ —u —v— -!- ,~ — —!--- —;-,

~ 
—t--- —

— II — 1 T1 —8--- — —8-n — —!--- —i, —~~---- — —s---~ -i---?‘- -r- --” -ir-—-i-~~— 
~~~~~~~ r’— —

— 1~ 
—u -1—~~~~ 

—!-
~~ 
— 1— —‘s -

~~~
— — -1-ti — 

~~
1•

~~ ~~~~~8— ~ —8--- — —1-~ — —8--- —ii —‘~~~ — —!--, — —a— 
~~~~~~ —-u 

~~ 
— —

~
-u
~ 
— -1— —j” 1— — -

~~~~rt — —!--- —i -
~~~~~~ ~~~~

-

‘
~ * hi1- 8-~~3 ---8---- --1-— 11 n_-I— — —

— U — -~ç~ )/ 
— — — — — —

II

103

U

_ _ _   -- -. —--—-—-



_ _ _ _ _  
—---—-—--- - -  - - - -

AFFDL-IR-77-49

GR iD o.00 o.v ’ 0.L 0
GRID 2 .v7 ~ .0C 6.60
GR ID 3 .15 ~i .v  v .0’)
GRID I. .21.. 13.00 ( . .vO
GRID 5 .3~ 0.Cu 6.00
GRID 6 .‘~0 0.00 (i.,.0
GRID 7 ~~~~~ v . C u  6 . 0 0
GRi D 8 .10 c . 6 0  0 . 0 0
GRID 9 ._ -5 6 . 0 3  0.00
GRID 10 .66 6 . 6 6  0.60
GR AD 11 .b5 0 . 0 3  6 . 0 0
GRID 12 .75 0 . O u  0 . 6 0
GRID 13 .~ 5 0.Lu 0.00
GR iD 1.. .i~~ 0 . 0 0  0.60
GRAD 15 1.v5 6.60 6.60
GRID ib 1.15 0.0.. 0 .00
GRID 17 1.30 0 . 6 . .  0 . 6 0
GRID 18 1.56 0.00 0.1.0
GRID 19 1.15 0 .0. .  u .v U
CR10 20 2 . C G  4 3 . 0 3  6 . 6 0
GRID 21 2.25 13.63 C .60
GRID ~2 2.~~0 . 3 . 0 0  . . .00
GR ID 23 2.7, 6 . 0 0  0 . 0 0
GR ID 2’. 3 .00 U . o O  0 .0 0
GRID 25 3.25 0.0.. 0.60
GRID 26 3.~~11 0.60 v.60
GR ID 27 3 . 7 5  o . 0 O  6 . 6 0
GRID 28 1..oC. 0.00 6.60
GRID 29 0.00 .17 0.00

GRID ..,9 .1.5 2.ö3 0.60
GRID 460 .7~ 2.83 v .60
GRID 461 .55 2.5~ O..~QGRID 1.b2 .~~5 2.53 0.00
GRID -.63 1.13 5 2.o3 u . C 0
CR10 46’. 1.15 2 .83  0... 0
CR10 465 1.~~0 2.63 0.00
GRID 1.~~0 2 .33  0 . . .0
GRID -.6? 1.75 2 .83  v .0 0
GRID ..b6 2.1.6 2.~~3 u.3 0
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~,RID ‘.6~ 2.2:. 2.0.3 o.oO
GRID ‘.70 2.50 2.o3 u .130
GRID 471 2.75 2.83 v.06
GRID ‘.72 .uO 2.63 0.00
GRID ‘.73 3.25 ~ .b3  c- .oo
GRID 1.71. 3.50 2.83 v.60
GRID 475 3.75 2.53 11.60
GRID 1.76 ‘..00 2.63 13.60
GRiD 47? .90 2.00 O.uO
GR ID ‘.78 — .72 2 .00  6 .00
GRID 1.79 — .5g. 2.03  0 . 6 0
GRID ‘.80 — .36 2 .0j  0 .6 0
GRID 481 — .18 2.Ot. v . 0 0
CQ UAD2 1 1 1 2 30 29 0 . 0 0 3
CQUAO 2 2 1 2 3 .3 1. 33 3 .00 )
COUAD2 3 2 3 ‘. 32 .31 3.000
COUAD2 1. 2 ‘. 5 33 32 3.330
CQUAD2 2 5 3., 33 4 3 . 3 0 0
COUAO2 6 2 6 7 .~5 3-. 0.360
CQUAO 2 7 2 7 .36 .3 0.300
CO UAD2 8 2 8 - 37 36 j .- 3 0 3
COUAD 2 9 2 9 10 36 3~ 43.303
COUAD2 10 2 1C 11 39 33 3.uO)
1 0UA02 Ii 3 ii 12 ~+0 39 3 .3643
(..QUAD2 12 3 12 13 41 43 a.3..J
COUAD2 13 3 13 14 ‘.2 ~+1 3 .330
CQU A O 2  14 3 1’. 15 4.3 42 0.JC0
CQUAD2 iS 3 15 lb 44 43 3.330

COUAD 2 421. 3 ‘+39 468 ‘.67 3.000
COUAD 2 ‘.25 -.-.0 •.‘.l 1.6-9 -.6s u . 0 0 0
CQUAD2 426 4..i ‘++2 ‘+70 ‘.69 ~a . 3 0 0
CQUAO2 427 -.‘.2 ‘.‘.3 4.1 ‘+70 6 . 0 0 0
~0UA02 426 4 ‘.~,4 412 ‘.71 3 . 3 0 3
CQUAD2 429 4’+~ + 4 73  ‘+72 6 . 0 0 )
CQUAO 2 ‘.30 .. -. ,‘J IL I+~~ L i ’ .  ‘.73 4 3 . 3 0 3
COUAD2 ‘.31 -, 4.17 1.74 3 . 0 0 3
CQU A D 2  432 -. -4 ’,? £. C-~~ -.6 ‘.75 3.00)
CBAR 433 5 ‘.77 ‘.78 u.uO 1.~~J 0 . 0 3
CBAR 43-. -.7* ‘+/9  Ci.~~0 1.03 0 .C iJ
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COA R ‘.35 5 ‘.79 ‘.63 6.60 1.03 0.Oo 1.
C8AR ‘.35 5 ‘.bu ‘+81 v . 6 3  1. .j 0 . 0 0  1.
CBAR 437 7 -.01 3u -9  6.61.1 1.00 0 .Uu 1.
CBAR 1.38 7 36 9 31 43 6 . 6 3  1.63 0 .00  1.

439 7 3~ 0 31i 0.60 1...’) v .03 1
CBAR 1.40 7 311 312 0.00 1.60 0.36 1
GBAi( 1.1.1 7 .312 313 v . u J  1.30 0.JC 3.
C6.1.R ‘+..2 7 313 31.. 6.130 1.03 0.33 1.
C8AR 1.’.3 7 31’. 315 u .00 1.43 6.03 1
CBAR 4’.’. 7 315 31u 0.30 1.63 0.06 1
CBAR ‘.‘.S 7 316 317 13 .60 1.30 0.33 1

CBAR -.96 6 201. 303 1.6+ 0 4 3 . 3 0  0. -lu 1.
C8AR -.37 6 31.9 337 1.0* 0.~~) 0.06 1

~ BA R +98 6+ 33? 365 1.00 0 .00  0 . 0)  1
CBAR -.99 6 365 393 1.130 0..~0 0. ’)) 1
SPGI 1013 15 26
SPCI 101 15 5*
SPC1 102 15 64
SFC1 1.03 15 112
SPC1 101. 15 140
SPC 1 105 15 168
SPCI 106 15 196
SPC1 10? 15 224
SPC1 1135 15 252
SPC1 109 15 2o0
SPC1 110 15 .3u8
SPC1 111 15 336
SPCI 1.12 15 364
SPCI 1.13 15 392
spC1 Ii. 15 420
SPOt 11.5 15 ‘.48
SPC I 1.16 15 1.76
SPCAU’) ‘39 100 1.01 102 163 13’. 105 Iu6 A aC1O
•ecto 1437 138 1..9 110 111 112 113 11’+A3CII
+BCI1 -11w 116 560 5131 502
P061*02 1 1 .37’.O
POuAD2 2 2 .-37~.Q
P061*02 3 3 .3740
P061*02 4 .3740
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~8AR S .125o~ 37E+6J .1.2:.bb37E—42~~4-3.3L)EF1M 8CCEFI • 1256637E 02 . -. C 0 0 u 0 0 6  +vO
P6A R• 0 .31-.1:.93E—01 - .7 .3)3~ .32 E Q-.Qu 3CO EF2
ABCDEF2 •78,3982t—0-. • 2 u 0 3 0 u t + C C

P84 R P 7 .1’.IQ2slE Oj • 15326 E 4341.b~i..-JEP 3A3C DEF3 .15826655—13 - . . 12 5 1 3 0 0 0 6 + 0 0
P8AR~ 3 o .70682136— ..2 .39’,81-~8L—O)t3A3C JtF..•A)CDEF’. .39981985—C, .95030 OO E—0 1
11*71 1 .3 .OtT . 32 6 0  . 28 0 0  -MAI l 2 i .CtT . 3 0 C C  .1560
MAIl. 3 3. 55* .2 0 0 *  . 13660
11*11 I. 3. .E6 .2800 .0660
MAIl 5 3 .657  .3200  .2800
M AT 1  S 3.C~ 7 .4260 .26130
MAIl 7 3.0€? .32136 .2800
11*11 9 3.057 •32130 .2800
SPCI 500 123456 ‘.77 ‘+82
SPC1 801 6 1 T HI(U (+61
SF01 s02 2 -.7o ‘+79
RFORC E 20 ‘.82 .3333333L+~ 2(~r~F0r~C61•RFO RCE1 0 . 0 0 0 0  0 . 0 6 0 0  1 .1313 00
GRAy’ 21 .13.,00-IQE+06 0 .0 t i ~.A~11
+GRAV1 1.3000 0.0600
PA RAM WT lI A~ S .00 2588
P A R A M  R0’+I T 0
LOAD 30 1.0000 1.0000 20 1..000 21
CR10 82 0.000 ‘..o00 0.440
EN O DA TA
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GRID 1 0.00 0.~~u ..L~0CR 10 2 .~.7 0.G~, u.CC
GRID 3 .1.5 u .3C ~.C0GkIO I. .~~0 0.0~ C.C-3
GRID 5 .30 u.00 ,,.C0
GRID S ..~~~ C . C j  u.i~0
GRID 7 .~.b 0.0~ b .CC
GRID 8 .~~0 0.C~ 0.C0
GRID 9 .5 u. C-u 6.130
GRID 10 .bO C.OC 0 ._ C
GRID 11 .~ 5 ~.00 C.~~0GRID 12 .75 0.00 6.00
GRID 13 .~~5 ~~~~ ~.C0GRID 1’. .~ 5 ~.0u u .~~0
GRID 15 j.O~

, 0.00 u .C0
GRID 16 1.15 6.00 0.00
GRID 17 1.30 0.CC u.00

GRiD ‘.69 1.0 5 .17 &, .O0
GRID ‘.b9 i . l t d  .17 u .C 0
GRID 470 11.4 0 .1’  1 . C0
GRID 471 1.t.. .17 ~.C 0
GRID 472 1.t~ .17 0..10
GRID 473 2.C0 .17 u.~~0
GRID 47’. 2.~~E’ .17 u .G0
GRID 475 ~~~~ .17 u .16
GRID 476 2.iS .17 C.~~3CR10 (+77 3.Ou .1? C. CJ
GRID 478 3.2 .i~ 4.60
GRID 47g 3.~~0 .17 ~~~~
GRID 483 3.~~. .17 ~.C 0
GRID ‘.81 ~~~~ .17 0.C0
CQUAD2 1 1 2 30 2~ J . J C 0
CQUA LI 2 2 1 2 3 31 33 0.000
CQUAO2 3 2 3 2 31. 0.300
C O U A C 2  ~. 2 33 3.~ 3.063
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COIJAO 2 5 2 5 6 3-. 3~ 0.00)
C Q U A O 2  6 2 7 3~ 3-. 0 . 3 0 3

£QU AO2 399 -. -.13 ‘41., —‘.2 -..1 3.303
CQUAD2 400 ~. ‘.1-.. -.‘.3 ..‘.2 r) . 13313
CO UA D 2  431 ‘+ ‘.15 ‘.16 -.‘.‘. ‘.‘.3 0.300
COUAD2 402 -.1~ ‘.17 .‘.~~ -.-,, 3 . 3 0 0
CQUAD2 Q3 4 -.17 ‘.15 ‘.‘., 3.303
COuAD 2 ..Q’+ ‘. ‘.15 ‘.1~ -.--7 ~*-.r~ 3 . 0 0 )
CQUAD2 -+05 I. 419 ‘.20 -.-.7 J. -iOO
C EA R ‘.06 5 4..9 ‘.~~0 i . C O  1.33 0.~~U I
CBAR -+0 7 5 ‘.~ 1 u. 1j0 1.00 ~.00  1
COAR ‘.09 5 ‘.~ 1 ‘.b~ 0.C- u 1.00 ].Ou 1
C EA R -.09 5 .,~ 2 ‘.~~3 0.uO 1.u3 0.00 1
G EAR -+10 1 .53 281 u .’00 1.03 0.03 1

~.EAR -.11 7 2~ 1 ~~~ 6.00 1.~~u C . C ~) 1
C8AR 412 7 2o2 2~~ 0.00 1.33 0.uj 1

GEAR -.oO 3 ‘.it ‘.77 ~,.L0 1.~~ C.)) 1
GEAR 451 3 ‘.71 ‘.75 ~.C0 1.33 0.13,. 1
GEAR -.b2 3 ‘.18 ‘.79 6.uU 1.00 0.00 1
GEAR ‘+63 -+79 ‘+8j 0 .6 3  j . Oj  0.130 1
CEAR ‘.6’. o -.bO ‘.81 ~.L0 1.0u u .0) 1
GEAR -.65 6 2~ 3 £.53 1.~~u u .n~ 6.00 1
C EAR 6 309 1.60 0 . 0 0  0 . 0 ~ 1
C EAR .57 6 157 225 1.Ou u .00  6 . 0 0  1
CBAR ‘.b8 6 225 253 1.uO 0•40 0.30 1
GEA R -.59 6 253 26 1 1.C0 0 . 0 3  0 . -j u 1
C EA R ‘+70 6 281 3~i9 1.-~ Q . 3 j  0.00 1
C E A R  ~.7i 6 309 337 1.00 0.00 0.0) 1
CBAR 472 6 337 3 1q 60 0.40 6.130 1
SPCI  100 15 28
SFC1 lol 15 56
SPCI 102 15 6..
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SPC I. 133 1. 11~SFC1 10.. 1~ 140
SFCI 105 1~ 168
SPCI 106 196
SPCI 107 15 22’.
SFC1 108 13 2t~2
SPC1 109 26 0
SPCI 110 1, SCo
SFC1 111 1, 336
SeCt 112 3~ .
SPC1 113 13 392
SPC1 11’. ‘.20
SPCI 115 15 ‘.4.8
SPC1 lb 15 4 . 1
SPCA~ 0 99 1u3 1~~1 102 1C3 1).. 103 iO~ A 8C 10
+BCIO 137 108 1o9 110 111 112 113 11$M9 11
+BCL1 115 11~ 500 5.1 ;C2
PQUAD2 1 1 .37’.O
POUAO2 2 2 .37413
POUAO2 3 3 .37’.0
PQJAD2 ‘. -. .31’.0
PBAR S ~ .125óo3~~~4J0 .l2~ So37E 32QMdC~)EF 1
•MECOEFI .1256637t—02 .-. w jOOuQ L+ 00
PEAR0 0 .31’.1,53E-:1 ~~~~~~~~~~~~~~~~~~~~~•AE CDEF2 .7 853 982E—0- .  . 2 u 0 0 0  3C ~~+ CO
PEAR0 7 7 .t’.162~~l_ L — 3 1 ~~~~~~~~~~~~~~~~~~~~~•S.3CDEF3 .15826D5E— 4-. .l~ 5J~~L 13€+0u
P94 R S ~ .708c’213.~~~,3 •3- ~j~ 40& E—3 ,~3A3CjEF4•AECDEF’. .5998tS8L—~ 5 .9.00300t.—01
MA Il 1 3.0L7 .323~ .2~~00
MA Il 2 1. c7 .300C .1500
MAIl 3 3.~~~5 .280 .  •

MAIl -. 3.,EQ .2831 .~~~€ C
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MAIl 5 3.~~El •320~ .2500
MAIl ~ 3 . t F ’  • , 2 0 u  ~~~~~MAIl 7 3 .L~~7 . 3 2 C 6  . 2 3 0 0
MAIl 8 3.0E7 .3203 .2~ uQ
SPC1 530 123.55 ‘.32
SFCI 301 1 IH~ U — 81
SPCI 332 2 ‘.51
RF0ReE~ 2u ‘~~~~ •?l Oolt.+C30RFUl~CE1•RFORC[l 1.j333 0.0003 .0000
G R A V  21 . 3 0 0 0 3 3 0 E4 - J o
•GRAV I — 1.3)00 0.0C~ J
PARAM ~TMA ~ 3 .0O2~~~PA~ AM GR3Pt~T 3
LOA D 30 1 . 0 3 C 0  1 . 0 3 0 0  2 1 . 1 3 3 0 )  21
GRID ‘+82 1 3 . 3 . 0  5.5:3 0 .O CO
£P4JDAIA
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APPENDIX C

NASTRAN PROGRAM LISTINGS FROM A SORTED INPUT

117 —— ~~
— - —~~

_________________  - - - -

_  
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



AFFDL-TR-77-49

.5

I-
VI
.5
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~~ I D I D T I D I D L I D L I D  p

1.4 .5 ID I D I D I D
— z I D I D I D

ID LE 
~0Pd I DL E  -d(01 0 EL

(P - I D I DE 0’Pd P. Dl I D LE
N .5 • L I D L ID

ID It~ I DE LI DE L I D I D E
Id ~~ .4 E Z I D EL L E I DI D  I(PD 0 ID ID0 Il .4
0.0 Pd PdD.C 0 ID P.o P III E L  ID. 0 4  4 I D I D E I D  aIV II
(~~0 ,X LI D~~~~ ID L L  Z00  I D I D E I D E  £ CC L  n E L l  ID

L E E  ID I-
LI D  ID
L E E  £
ID L ET  ID Pd

E EL  ID ID
LEO.  IV

EL C
ID

ID ID
I D E  ID

I D I DE I D  LI D  I—
Z E L L L L  L ID U)
L I D  E L I DE  P
ID I D I DI D  VI
ID L ID
ID ID ID
I D T T I D T LE Z I D

“ • -. L EE I D L E

~~.- -  IDIDE LL I DE I D I D E
.‘~~~~I D Z E L Z  I D I D EZ I D L I D  I DI D I DI LT

~~
% . “4 E E I DL L I D E L E L E I DL I D I D I D I D I D I D L

ID .. L I D  I D LL L L I D L E  E ID L ID LID L I D I D L L
I D I D~~~~. s I E Z T  E L I D I D I D I DL I D I DI D I D L I D L E L4 L I D I D I D% .. .. EZ E  I D I D E I D I DI D I D L I D L L L LI D I D I D E EL E E T % . .. I E I D  L I D I D I D E L E I D L I D LI D  I D I D I D I D I DL L E L L I D .... I L I D  L L I DI D L D . E  E L I D E  L I D E EZ E

L I D I D I D L I D~~~~. I I D  L E I D I D I D I D E E L I D I D
ZIDT I D L T T .,.. .I I D  I D L I D I DL I D L L Z I D EZT E I D L E I D I D L .. ... .. I  T L T T T I D T V I D I D E TT L I D E y L I D L T . .. -.~~I Z TY T I . I D I D  I D T I D LZ I D T I D L T I D I D ZI D I DI D L I DZ L I D L . .. - y  I L I D I D E E I D I D I D E I D I DI D E E I D I D E L E I D I DE I D I D I D EY X LE I D I D % %T I L Z I D E I D I DY I D I D L I D  T E L L E LI DT T E I D ZT I D I D I D T T ..s .. J I D E I D I D L I D ?  T XT Z  I D I D I D L I DI DI E ZI DI D L L E L E L% ... .. . Z I Z Z I D I D Z  L E Z I D E LE E  I D L I D I D I DY I D I D L I D T L LZ I D E E S. .- . . . E L I E L L  I D I D I D I D L I D I D I D I D E  ID L I D E I D EI D I I D Z E L I D L I DI D EI D I D.. ... .. , I  ID Z E L I D I D& I D E T I D  I D E I D E EE L I D Z I D L I D  I D I DI D E L ’..~~. L I  I D I D I D E I D I D I D E I D  L I D I D LXI D L I D E I D L D.l. E I DL E L ’. .. ID I ID I D E L L E L I D L I D  E L I D E L LI D E I D I D L I D I DI D I I D I D I D I D L Z .. ID L I  ID Z I I D E I D I E L )  L I D I D I D E LI D L E E L L& E Z E E E I D I DZ ..I I D I D I I D I DI  Z E I D I D I D I I I D I D I D  I DL E EZ IL I D I D L T I D L T L I DE I D E I D I D E  . .E L I  I L L  I D I DI D I D I L I D I DI D  I D I D I D I D I D I DL L Z n I D 7 . I D Z S I D E I DL L E  L I D  I L L  I D I D I DI D L I D L EE  E Z E I D I D I DZ L L I D L I I D T I D L I D I DI D L  ID . . ID  I I I  I D I D LZ I D O . L E L  E U - I D L E d.I D I D I D I D EI D I D E E Z I D E Z I D I D  ID E l  I L E I D L L L L LI D  L I D E L I D I D I DI D I D I D I D L I D L E L E I D I D ZI D  L I D  I D I D I  I E Z I D I D EZ E I D  I D L E L I D L L I DL Z I D I D EZ I D L L I D I D L E  I D L I D I D  L L I D E I Z I D I D I D L I D L Z L  Z Z L Z E L I D EI D I D I D I D I D I D WI D I D I D I D I D  I D I I D I D % I D I D I D I D I  I I D I D E I D I D EI D I D I D I D E I D I D I D I D E I DZ I D L L I D I D I I D T I D I D L  ID L I D T L~~~ ’ZT L T I D  I L I D I DL I D I D E E L I D I DZ L Z I D L ZL I D I D I D EL I D E I D I D L E  L I D I D I DI D - .’~~ .. I D Z I D L  I I D E I D I D L I D I D I D E I D I D I D I D I DL I D I DI D I D I D I D L I D I D I D I D I D I D  I D I D I D E I D  . . T I D I D T ,  I L I D I D L I D I D I DI D Z L I D L L L I D EI D L I D EZ Z L I D I D E I D  I D I D I D I D I D LE .~~~ L E I D  I Z L L L Z I D L L I DI L I D L I D L LT I D I D  I D I D I D I D E I D  I D T L I D I D I D r Z~~~~ - I D  I X I D I D  I D L E I D I D E I D I D L I D EE I D I D I D I D T I D I D T I D  I D I D L I D L I D I D T’. I I L L  I D L I D I D L I D E L I D L EI D I D I D I D I D E I D E I D  I D T Z I D L I D I D T E .  I I L I D  I D I D I T I I D L T I T I Dr Z I T T T T Y L  I D T L F TT F , - E ID I D S I D  T 7 .T I D T I D I D Z I D Z LL I D L T T I D I D I D ?  T E U L T I D I D  7 I D I D L I L  T T I D T 7 T r Tt I D E L rL L I . L Z I D L I I  L E O .  E L I D E  •.. - . I D  E L I D E  I I D L L L L E Z I D Z E Z I D L ZID & L L ZL L Z  L I L Z I D L EZ  L .. I. ’. L I D L Z I I D L I D I I D L I DL  I D E I D I D EI DI D I DE I D  ID I DE I D I D I D L E I D I D  ‘..~~‘- E EL  I I I D E I D LI D E E  E I D I D I D ILL L L T X  ID ID LID L X IT E L l- r I D  ‘F T ET I T T E t L F . .  ID

U - E X I L E  L t E I D L EL & L L X L~~~~~~
.s I D I D E I D  I I D E I DE Z E Z I D I D E LI D I D E E U I D  L L T I D L E L L I D I D E T L .. -.. E  L L E I D I II I D I D L I D T T I D E LI D L E I D L I D  Z I D L L E I DL I D I D E I D I D L .. -S ID I D I D I D L I DI I L I D I D E I D E Z E I DE I D T I DL I D  I D T I D E TI D I D I DI I D i I D L .  I D T T I D T L T I L I D I D I D T I D T L ZXZ L ’ L I D I D  I I D T I D P X E E I D  O T T  . % I D O L E E E I. E I I D O I D L I D EZ I LL I D L I D E  L I D I D E I I DZ I I D I D  I D I D EZ I D L I  I Z I D E L I D I D I DT E O T E I D  L I D E L IT I D I D  T r r r L T L I r z rr ~~~~~- yI D U l I X I D  T T T I T T I D I  T I L T I l I E T TT E I  i r r r r r rO X I D I Z E  E L I D E  E X IL E  L E I D I D I D E I Z X I XI D L I D I D

I D I D E I D I D I D E  E LI D I D I D I DI D  I D I D E LI D I D I DI D I D I D I DI L I D L I DT I D Z E I L I D EL T L I D I D T I D L E  . Z T X T X X I D I DZ p . I D I , L~~- ZV Z T X I D Z XL Y I D T Y I D T 7 . T  T~~~ I D . P T T P X I D E E L I D 1I I I DI E T I I D I E L I  I D I D L E Z I D  L~~~~I I D I D L I D L EI D  I D I D I D I D  IT T I D r E T TT I D E T T T  7 T~~~~T E T I D Z T 7 T r T yX r U IL L I DL I I DZ T O E L T  T T E~~~~ T L y Y O r I D r r r T T r  I
I D L f I D L E Z i~~~~Z i. L I .Z L E E E L I D L L

I D E I D EL I D I D L I D  L I D EI D I L~~ I D L L L I D I D I I D X I DI D LI DL I D  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~L U - I. E U - I D E  I D LE L L L L L L I D E L L I . a I D LX E I D I D I E I D L E I D L I D I DE  L . L I D I D L I D L L I D E
ID I L I D L Z E L J l I I D & I D  S L I D  L E L & I D LI I D X Z  L E I D I D I D E  L I D  ID ‘ L I D  ID L I D  L I DI D E  I D L E  L X  I D EL L E  ‘ E L I L L I D

L I Z  l E L L L,
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