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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
Flight 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 anal ysi?w-ag-c;ﬁgucted from February 1976 to February 1977 by
Kenneth P. Schwartz of the Air Force Flight Dynamics Laboratory (AFFDL/FEM).

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

This report was submitted by the author in March 1977.
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SECTION I
INTRODUCTION

For some time now, the AFFDL has been investigating the use of
rotary-vaned positive-displacement air-cycle machines for aircraft
environmental control systems. The selection of a rotary-vaned unit
is based on the assumption that a positive displacement 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.

Preliminary rotary cooler studies were undertaken with two major
objectives in mind: (1) to identify the most promising combination of
rotary machine and equipment arrangement for meeting the cooler require-
ments, and (2) to identify any significant problem areas and possible
solution approaches.

Two types of rotary positive-displacement machinery were considered
during previous investigations; 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 application. Likewise,
only one configuration of the two-rotor fixed-vane machine was considered.
These two machines had considerably different mechanical features and
thus provided a reasonable basis for initial assessment of machinery
viability for the rotary cooler application.

Ultimately, a sliding-vane or ROVAC machine was selected. Schematic
drawings 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 side of the minor axis the variable volumes perform positive
displacement expansion. As depicted in Figure 2, cams and cam rollers

at the two ends of the rotor can be used to actuate the sliding vanes
within the rotor slots. Or, vane actuation may be achieved via contact
forces between the vane tips and the cylinder wall, as is usually 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 usualiy 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
problems associated with cam actuation became apparent. These problems
are especially true at the even higher design 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 limitations 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 solution to either one of the two problems inherently
leads to compounding the other. For example, vane-tip deflection can be
reduced via heavier vanes; however, increased bearing loads will occur
due to higher centrifugal forces from the increased mass. Conversely,
reduced vane masses generally reduce bearing loads but lead to increased
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, which was eventually
fabricated and tested.
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Figure 5.

ROVAC Vane Photo
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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
landing-gear-component design, it was suggested that advanced filamentary
composite concepts be considered for use as a vane material. It is this
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 employing advanced composite materials.
The analysis methods used employed finite element techniques and refined
modeling methods. Basically, the program involved five primary objectives
which were as follows:

A) Develop an automated finite element vane modeling (AVM) program
from which various vane types, sizes, 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
compared to available analytical and experimental results on the vane
itself.

C) Run eight direct composite-substitution analysis surveys to
determine the effects of using advanced composites within the vane in its
current design state.

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

E) Based on the results of C and D above, conduct a series of runs
incorporating vane thickness variations on the two most promising designs.
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SECTION II
NASTRAN MODELING PROGRAM

Based on previous efforts in the area, the requirement for some form
of auc. '*ted data generator became quite obvious. Two primary reasons
existe ich determined this requirement and the approach to be selected
for tre ~ucomated 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 could be set up manually, the data itself became obsolete. The
second and most important reason was the fact that, through a manual mode
of data generation, little 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, herein 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 materials changes for the basic vane
itself.

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

5. The ability to include the use of advanced composites for
reductions in vane weight.

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

R e il
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7. The ability to vary the method of load transmission through the
vane by either double axles, 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, "SPC1" and "SPCADD" set involving
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 structural analysis 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 required NASTRAN input format, the following
data is included for each grid point within the model.

ITEM NO. 1 2 3 4 5 6 7 8
COC. LOC 1-8 9-16) 17-24) 25-32 33-40| 41-48] 49-56| 57-64

VARIABLE GRID| ID cpP X y z cD PS

10
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NPY = 6

Nodes = (NPY)(NPX) = 6X8 = 48

4 42 43 44 45 46 47 48

134 139 }36 137 438 139 40

25 26 |27 28 29 30 31 32

14 lis ! 20 21 22 o3 o4

) 10 T 12 13 14 15 16
1 2 3 4 5 6 7 8

Figure 6.

NPX = 8

1

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)

itgm g X, ¥, 2z values for Node Point
Item 6) (Floating Point) |
L gg Blank 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 composites
are introduced into the vane model. Specifically, these parameters are
noted as variables PID and TH on the following NASTRAN data set.

ITEM NO. 1 2 3 4 5 6 7 8

coL. Loc. 1-8 9-16 17-24( 25-32| 33-40, 41-48| 49-56| 57-64

VARIABLE CQUAD2| EID PID Gl G2 G3 G4 TH

Item 1 - Alphanumeric name "CQUAD2"
Item 2 - Element identification no. (EID) (integer)
Item 3 - Property identification no. (PID) (integer)

(See following PID discussion)
Item 4) Nodal or grid point connection data for element no. EID
Item 5{ Numbering starts at lower left and proceeds counterclockwise
Item 6] around element (integers)
Item 7

Item 8 - Material property orientation angle for advanced composite
type materials (see following TH discussion)

4.  PROPZXTY IDENTIFICATION DETERMINATION (PID)

Within a typical ROVAC vane, various properties exist across the
vane surface in the form of end plates, boots, adaptors. or varying
materials within the structure itself. To accommodate these changes,

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

where:

Xaps> Xpps Xeps Xpps and Xcp= input values (floating point)
AP> 7BP* "CP> "DP EP" (FORTRAN input = XP1 through XP5)

A1l CQUADS 1ying between XAP and XBP will have PID = 1

A1l CQUADS 1lying between XBP and XCP will have PID = 2
A11 CQUADS 1ying between XCP and XDP will have PID = 3
A11 CQUADS 1ying between XDP and XEP will have PID = 4

5.  THETA DETERMINATION (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 TH (or
theta) values TH1 ... TH4,

where:
XaTh> XatH» XcTH» XpTHe Xprw = input values (floating point)

TH1, TH2, TH3, TH4 = input values (floating point)
(FORTRAN input = XTH1 through XTH5)
( and TH1 through TH4)

A11 CQUADS 1ying between XATH and XBTH will have TH = THI1
XBTH and XCTH will have TH = TH2
XCTH and XDTH will have TH = TH3
XDTH and XETH will have TH = TH4
where TH1 ... TH4 = 9] e 94

material property orientation angles defining at which
angle the anisotropic or orthotropic properties are related.

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 lTower 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 automatically 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 with an existing line of nodes. In
accordance with 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. LocC. 1-8 9-16| 17-24 | 25-32| 33-40| 41-48| 49-56 | 57-64 | 65-72

VARIABLE CBAR | EID PID GA GB X1 X2 X3 7

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 following PID discussion)
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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 6y Vector component definition for bar element coordinate
Item 7] system orientation.
Item 8

(0. for horizontal bars) } _
(1. for non-horizontal bars)

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

Item 9 F=1 = flag denoting that X1, X2, and X3 will be read as
above

7.  DOUBLE, SINGLE, OR PARTIAL AXLE OPTION (PID 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 lower 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 PID field
(Item 3). Specifically, within the model the upper axle is defined with
PID's of 5, 6, and 7 where the lower axle is defined with a PID equal to 8.
Within the immediate 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 PID 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 illustrated in Figures 10 and 11 is noted in Table 1.

For a partial or no axle model either entire "CBAR" card sets can be
extracted from the resulting output or property values revised to negate
the effects of the "CBAR" elements.
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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
CBAR 43 8 7 8 0.00 1.00 0.00 1
CBAR 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
CBAR 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, however, 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 latter 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 12a
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 12b was modeled. A1l 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,
however, that the axles modeled in this case are not inherent to the basic
structural model. Some additional modeling will therefore be required to
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Figure 12. Non-Edge, Single Axle Model

20




AFFDL-TR-77-49

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. A1l other modeling para-
meters are identical to the edge case.

9.  "SPC" DATA SET (MATHEMATICAL CONSTRAINTS)

Ylithin the AVM program various SPC (Single Point Constraint) sets are
also generated. These sets include reaction points, unidirectional bearing
constraints, MZ constraints, and symmetry constraints for symmetrical
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, only one half 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 "SPC1" 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

2]
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Item 1 - Alphanumeric name "SPC1"

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 directions, respectively (integer)

Item 4 - Nodal point to be constrained (integer)

Item 5 - N/A (blank)

" 33 34 35 ] 36|
Bearing 1
Reaction l |
Points 29 30 3! 32
il
25 26 ﬂgr 28l
14 9\40 A1]42 43 44 1l 45]
21 22 23 24|
\7 I8 19 } ZOI
| Point of i
? Unidirectionol [ 14 15 A |
Bearing 9 10 i | iz |
Constraint | '
5 6 7 ! 8 l
| 2 3 + 4 '
et
Nodes for Constraint = 4,8,12,16, 20, 24,
28,32, and 36, Plus
No. 45 on Axle End ¢

Figure 13. AVM Symmetrical SPC Set Definition

Node Edge For Symmetry
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b. Unidirectional Bearing Constraint

Within the analysis model a "SPC1" constraint is 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, this bearing con-
straint is always applied to the left most nodal point (No. 37, Figure 13)
on the inner race axle model. For this case, one "SPC1" card is generated
with C = 123456. The assigned SPC set number for this card is 500.

c. Reaction Points

Primary loads within the ROVAC vane structure are generated from
both rotational and linear inertia effects. Typically, these loads 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 "SPC1" card containing all three points where C is
set equal to 2. The SPC set number for this card is 502.

d. Z Axis Moment Constraint (MZ)

The standard "CQUAD2" NASTRAN MZ constraint set has been
represented in the vane model by the SPC set number 501. Within this set
all nodal points within the model are constrained in the R3 direction.

A point of caution or possible error is presented at this point, in that
those "CBAR" elements requiring MZ freedom could adversely be affected
through this Mz SPC1 imposition. If this is the case, a separate hand-
generated SPC1 set would have to be developed for Mz which would not
include nodal points associated with any "CBAR" type elements.

e. Combined Constraints

A11 of the SPC sets generated for the vane model are combined
into a single constraint set. This constraint set is assembled by means
of the "SPCADD" card and continuation cards. The final resulting SPC set
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for NASTRAN case control is SID = 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
SPC1
SPC1
SPC1
SPC1
SPC1
SPC1
SPC1
SPC1
SPC1
SPC1
SPC1
SPC1
SPCADD
+BC10

100
101
102
103
104
105
106
107
108
109
500
501
502

99
107

123456
6
2
100
108

1 THRU
38 39
102
500

45
40
103
501

104
502

105 106 ABC10

(Reference Figure 13)

10. PROPERTY AND MATERIALS DATA

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

a.

follows:

Item 1
Item 2
Item 3

Item 4

"PQUAD2" Data
The specific "PQUAD2" data output for the ROVAC vane model is as

ITEM NO. 1 2 3 4
CoL. Loc. 1-8 9-16 17-24 25-32
VARIABLE PQUAD2 PID MID T

Alphanumeric name "PQUAD2"
Property identification no. (PID) (INTEGER)

Material identification no. (references a specific material

card where the specific material properties are defined for

the property identification (PID) (INTEGER)

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 is 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 n QABCDEF1

ITEM NO. 7 8 9
cOL. LOC/ 1-8 9-24 | 25-40

VARIABLE | *ABCDEF1 12 J

Item 1 - Alphanumeric name "PBAR*" 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 (PID) (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)
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c. "MAT1" Data

Each of the "PQUAD2" and "PBAR" cards noted previously contains
a material identification number as Item 3. For the ROVAC vane each of
these ID numbers is unique for each of the eight property cards. As a
result, eight unique materials cards are required for the ROVAC model.
Typically, each of these eight materials references are output as follows:

ITEM NO. 1 2 3 4 5 6 7
CoL. LocC. 1-8 9-16 |17-24 | 25-32| 33-40 41-48 | 49-56
VARIABLE MAT1 MID E G MU RHO

Item 1 - Alphanumeric name "MAT1"
Item 2 - Materials property identification number per property
card reference (Integer)

Item 3 - Young's modulus (Real)

Item 4 - Blank for ROVAC Case (computed within NASTRAN)
Item 5 - Poisson'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 generated 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 centrifugal force
field. Based on the mass properties of the model, a corresponding
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centrifugal loading for each element in the model will 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 G CID A QRFORCE1
ITEM NO. 7 8 9 10
coL. LOC. 1-8 9-16 17-24 25-32
VARIABLE +RFORCE] N1 N2 N3
Item 1 - Alpha name "RFORCE*" where the * flags a large field set
and the following 4 fields of data will 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 identification number indicating a center of

rotation for the ROVAC vane model (Integer).

Item 4 - Blank for ROVAC case indicating that the basic co-ordinate

Item

system defines the rotation direction.
5 - Scale factor for rotational velocity in revolutions per
unit time (ROVAC = rps).

Item 6 - Coded continuation card flag.

[tem 7 - Continuation card related to coded Item No. 6.

I[tem 8

Item 9 } Rectangular components of rotation direction vector (Real).

[tem

b.

10

Inertia Loading ("GRAV")

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 will be generated. The
specific ROVAC AVM output for this "GRAV" 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 GRAV* SID CID G N1 QGRAV1
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 ROVAC 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 item 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 it 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 representative
input value was derived from an additional computer program which specifi-
cally analyzes the geometric relationship. The actual AVM input value is
an acceleration value noted in inches per second.

d. Combined Loads

Both the "RFORCE" load and "GRAV" load 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. 1-8 9-16 | 17-24 | 25-32 | 33-40 | 41-48 | 49-56
VARIABLE LOAD SID S S1 L1 S2 L2

Item 1 - Alpha name "LOAD"
Item 2 - Load set ID number (SID - 30 for ROVAC AVM)

Item 3 - Scale factor for Item No. 2 load set (S = 1.000 for ROVAC AVM)

Item 5}- Load set identification numbers to be combined into the SID
Item 7)- set. For the ROVAC case, L1 = 20 and L2 = 21.

Item 4}- Respective scale factors (S1, S2) for load sets (L1, L2).
Item 6’- for ROVAC AVM S1 = S2 = 1.000.

29




AFFDL-TR-77-49

Parameter Usage ("WTMASS" and "GRDPNT")

In accordance with NASTRAN requirements and desired ROVAC output
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. 2 3

coL. LoC. 9-16 17-24

VARIABLE WTMASS| .002588

CARD 2 VARIABLE PARAM GRDPNT 0

The weight mass parameter ("WTMASS") will result in all structural
mass matrix terms being multiplied by the value contained in Item 3. For
the ROVAC case, the mass parameter is 1/g, resulting in:

F 2 rww

"
=
€
3

n

where
1/9 = 1/(32.2)(12) = .002588 weight mass parameter
F = force
w = angular velocity

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 this information. For the AVM program, this value has
been set at zero, and as a result the reference point is taken as the
origin of the basic coordinate system.

g 8 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 noint
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=2z=0.0

et S AXIS

AXIS = distance from vane edge to the center of rotation

g. Program Termination

For program termination, the required "ENDDATA" card is self-
generated within the ROVAC AVM program.

31




AFFDL-TR-77-49

SECTION III
AVM PROGRAM INPUT AND OPERATION

As noted in the program listing contained in Appendix A, the AWM
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 - Progr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>