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ABOUT THE CSTEM USER MANUAL

This manual is a combination of a user manual, theory manual, and programmer manual. The reader

is assumed to have some previous exposure to the finite element method. This manual is written

with the idea that the CSTEM user needs to have a basic understanding of what the code is actually

doing in order to properly use the code. For that reason, the underlying theory and methods used
in the code are described to a basic level of detail.

Section 1 of this manual gives an overview of the CSTEM code: how the code came into existence,

a basic description of what the code does, and the order in which it happens (a flowchart).

Section 2 starts off with a description of the various coordinate systems used, since they are of con-
siderable importance to the proper use of the CSTEM code. The sign conventions, permutations,
and transformations used in the code are described. The elements available in the CSTEM code are

also described.

Section 3 describes the various types of analyses that can be performed with the CSTEM code with

a description of what the code is doing in these analyses. This is more of a theory section.

Section 4 goes over the input. General input rules and procedures are described. Input variables

and what they control are described in detail by function rather than by order of input.

Section 5 gives the order that the input variables are to be placed in the input decks. Each input deck

for the different disciplines is described. A brief description of the input variables is given. Once
a user becomes familiar with the CSTEM code, this is the section that will probably be referred to
the most.

Section 6 describes what the output files are and what they contain.

Appendix 1 provides a listing and very brief description of every file used by the CSTEM code, in-

cluding the type of file it is, what routine regularly accesses the file, and what routine opens the file.

Appendix 2 contains the WAVES user manual. WAVES is an electromagnetic analysis code con-
rained within the CSTEM code.

Appendix 3 contains the ICAN user manual. ICAN is a micromechanics code contained within the
CSTEM code.

Appendix 4 contains the PATRAN preference manual for CSTEM. The PATRAN preference is a

separate combination of PATRAN PCL routines, FORTRAN executables, and UNIX scripts which

allows the user to use PATRAN as a pre- and post-processor for the CSTEM finite element code.



SECTION 1. CSTEM OVERVIEW

"CSTEM" is the acronym for the computer program developed under the NASA contract,

"Coupled Structural/Thermal/Electromagnetic Analysis/Tailoring of Graded Composite Structures".

The technical objectives for this program are to produce radar signal transparent structures having high

structural performance and low cost. The multidisciplines involved are all highly nonlinear. They

include anisotropic, large deformation structural analysis, anisotropic thermal gnalysis, anisotropic

electromagnetic analysis, acoustics, and coupled discipline tailoring. The CSTEM system is a

computerized multidiscipline simulation specialized to the design problems of composite material

radar absorbing structures. The enabling technical capabilities are implemented in a special 3D finite

element formulated to simultaneously tailor the geometrical, material, loading, and environment

complexities of radar transparent structures for cost effective optimum performance.

In each enabling technical discipline a decoupled stand-alone 3D finite element code has been

developed. An executive program with controlling iterative solution techniques performs the

nonlinear coupling among the participating analysis modules. Each analysis module is seLf contained,

passing only the required input geometry and control information between the modules as well as

returning any results which may be required as input for an analysis by a following module.

The structural module uses 8,16, or 20 noded isoparametric bricks and is similar to many other

isoparametric finite element codes in many ways. It has the capability for centrifugal, acceleration,

nodal displacement, nodal force, temperature, and pressure loadings. An internal bandwidth optimizer

is used to minimize problem size. The solution technique used is a multi-block column solver, which

allows solution of very large problems since it can work on portions of the set of equations separately.

One of the more advanced features of the structural module is its orthotropic material

capabilitY. Material properties can be input relative to the material axes and then skewed on an element

by element basis to obtain the desired orientation of the material with the global coordinate system.

Material properties may also be referenced to the elemental coordinate system, with the orientation

between elemental and global being calculated internally. The structural module can also generate the

orthotropic material properties it needs for composite materials using the constituent properties

making up the composite. This is done using an internal adapted version of the computer program

INHYD, which accesses a data bank containing the material properties of the constituents. The

properties are calculated based on the volume ratios of the constituents.

Another advanced feature of the CSTEM structural module is its multiple layer capability.

This allows the modeling of composite structures with many material layers without the necessity of

using an element for each layer. The stiffness of an element with multiple layers is calculated using

integration points located on the midplane of each layer within the element. The composite stiffness

gradient controls the finite element definition of a structure with two major parameters to vary: the

1.1



numberof elementsthroughthe gradientand thenumberof numericalquadraturepoints within an

element. A uniquesetof local stiffnesscharacteristicsis developedfor eachnumericalintegration

point. Integrationof theselocalcharacteristicsoverthevolumeof theelementprovidestotalelement

simulationof compositestructures,includingsucheffectsastwist-bendcoupling. Thestressandstrain

arethenrecoveredatthesesameintegrationpoints,with mappingoptionsfor resultsatotherlocations.

The structural analyzer also performs large deformation analysis using a unique incremental

updated Lagrangian approach with iterative refinement. Testing of this capability against classical

large deformation problems has shown it to be both more accurate and more economical than available

alternatives. Connected with this capability is a deformed position eigen-analysis capability. All or

selected portions of the nonlinear stiffness terms can be incorporated into these eigen-analyses. All of

these capabilities have been checked out against available test data and other computer codes.

Calculation of nonisothermal cyclic material nonlinearities in the form of plasticity, creep,

failure and fatigue are included in a manner conducive to the use of composite materials. Different

material models can be assigned to different materials within the same element, allowing the material

response in different layers to be calculated with appropriate isotropic or orthotropic material models.

Access is provided to the nonlinear material iteration schemes so that user supplied material models can

be included.

There is a requirement that the element shape follows the layup of the structure so that the

layers cut through opposite faces of the element at the same relative locations and not diagonally across

the element. This requirement points to the use of a mesh generator, which is a part of the CSTEM

structural module. The CSTEM mesh generator is capable of producing various solids of revolution

from a minimum of input parameters. The generator can produce flat surfaces, cylinders, cones, and

general double curved surfaces of up to 360 degrees rotation. These different surface types can be

generated together. The generator will check for coincident nodes and keep only one of any nodes

which have the same coordinates. When generating more than one surface, care must be taken that the

surfaces are generated so that the connecting nodes will have the same coordinates.

Where more complex models are required, the CSTEM analysis preference in the PATRAN

code allows the user to build the analysis model, define materials and material model properties, apply

boundary conditions, select CSTEM analysis options, and generate a complete CSTEM input deck

directly from within PATRAN. Analysis results may then be displayed within PATRAN as well.

Another capability that can be used together with the multiple layer capability is a composites

analyzer, which is adapted from the ICAN computer program. This capability must also be used

together with the INHYD generation of material properties. The composites analyzer takes the

stress/strain results from the structural module and integrates them through the thickness of the

structure at some user specified location. This results in a loading which can be used by the composites

analyzer to do a micro--analysis of the composite at that particular location. Addtionally, enhanced
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interlaminarstresscalculationscanberequestedto takeinto accountthestraindiscontinuitiespresent

betweencompositemateriallayers.
The heat transfermodulehasthe capability to perform four different analysistypes. In

increasingorderof complexity thesearelinearsteadystate,nonlinearsteadystate,lineartransient,and

nonlineartransient. The types of loadings that can be used in the heat transfer analyses are nodal and

surface heat fluxes, convection, radiation, and internal heat generation. The material thermal

conductivity and specific heat are required as material properties. Table 1. lists the parameters involved

in the various heat transfer analysis types.

TABLE 1. THERMAL ANALYZER PARAMETERS

Thermal Parameters and

Boundary Conditions

Temperature

Time

Thermal Conductivity

Convection Coefficient

Internal Heat Generation

Surface Heat Flux

Convection Boundary

Steady State

Linear Nonlinear

T

kij(T)

hfT)

Qi

Q¢

Linear

T(t)

t

kij(t)

h(t)

Qi(t)

Qs(t)

Qc(t)

SeT_emCifiedNodal
peratures

Heat Capacity

Radiation Emissivity

Viewing Factor

T

kij

h

Qi

Qs

Qc

"Is

Cp(T)

(T)

f

Ts(t)

Transient

Nonlinear

T(t)

t

kij(T,t)

h(T,t)

Qi(t)

Qs(t)

Qc(t)

Ts(t)

Cp(T,t)

(T, t)

f(t)

In the nonlinear analyses, material properties are entered at several temperature points and

interpolated to the calculated temperatures. The solution is iterated upon until convergence is

achieved.

In the transient analyses, time steps are specified and boundary conditions are entered at each

of these time steps. The solution is obtained and printed out at each time step point by stepping along a

series of evenly spaced user specified time subincrements.
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Whendoing the heat transferanalysisas part of a coupled solution, the calculatednodal

temperaturesarepassedto thestructuralmodulesothatthestructuralmaterialpropertiesandthermal

strainsarecalculatedusingthesetemperatures.A structural solution can be obtained at specific time

step points as requested by the user input in the case of a transient heat transfer analysis.

The layering capability of the structural module is also used in heat transfer. This and the

ability to specify orthotropic material thermal conductivities provides the capability to perform

accurate heat transfer analyses of composite materials. The INHYD micromechanics program for

generating laminate material properties from the material constituents is also available from the heat

transfer module to generate thermal properties.

The electromagnetic absorption module has three options for calculation of absorption or

attenuation of electromagnetic energy. All three methods use a data bank of absorption material

properties. The first method uses the computer program WAVES as a subroutine in CSTEM. This

program calculates the reflection and transmission of electromagnetic waves given a layup sequence of

materials and their electromagnetic properties. Using this layup the WAVES program develops

complex impedances to calculate reflection and transmission coefficients for the cross section. The

electromagnetic properties needed are complex values of the permittivity and permeability, which are

obtained from the data bank.

The second method calculates reflection, refraction, and attenuation of electromagnetic

waves by using Snell's Law, the Fresnel Formulas, and the attenuation constant as derived from the

vector wave equations. This method requires the material properties of permittivity, permeability, and

conductivity to be available as a function of temperature and frequency on a data bank similar to the

first method.

The third method uses a data bank that is different from the ftrst two methods in that it contains

absorption properties for the material at not only discrete values of temperature and frequency, but also

polarization angle. The absorption of electromagnetic energy of a specific frequency and polarization

by a given material at a specific temperature is calculated by linearly interpolating from the discrete

data bank values.

The orientation of an electromagnetic wave is specified similar to a skew material so that a

coordinate system is associated with the wave propagation. This wave coordinate system is def'med

such that the direction of propagation is along the positive Z axis and polarization is measured from the

positive X axis. The orientation of the wave coordinate system with the global coordinate system is

specified using skew transformations.

The element face upon which the electromagnetic wave is impinging is specified by the input.

The path taken through the structure thickness is determined by the program assuming that the wave

always exits through the opposite element face that it entered. Absorption calculations are made for

each material encountered and are carried out using midsurface centroid values of temperature and
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orientation. The impingement angle is calculated as a dot product of the wave coordinate system Z axis

and the midsurface centroid normal. The polarization angle is calculated as the dot product of the

projection on the layer midsurface of the wave polarization and the material orientation.

Absorption calculations are done for one given frequency, orientation, and wavepath at a time.

If it is necessary to calculate results for several frequencies, orientations or wavepaths, a separate

calculation must be done for each combination.

The approach to calculate acoustic characteristics due to structural vibration in CSTEM

determines the radiation efficiencies of a structure for each vibration mode as a function of frequency.

An eigen-analysis produces the fundamental modes andrnode shapes. Once the radiation efficiencies

for each mode are calculated, the total sound power is obtained by a modal summation of the

contribution from each mode.

CSTEM tailoring capability has been built on the STAEBL computer program obtained from

NASA Lewis. This program consists of two major modules: CONMIN, which performs the actual

tailoring, and ANALIZ which supplies the parameters to be tailored. The CONMIN module was

abstracted from STAEBL and coupled with the CSTEM structural, thermal, electromagnetic, and

acoustic analysis modules.

Figure 1. contains a flowchart of the major analysis modules of CSTEM. These modules are

used as a stand alone analysis package with entry through the main executive routine, or as the analysis

portion of the tailoring process in which case the entry to these modules is at the load case level. Figure

2. is the flowchart of the tailoring process itself.
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SECTION 2. MODELING CONSIDERATIONS

2.1. COORDINATE SYSTEMS

2.1.1. Global Coordinate System (XYZ)

The CSTEM code refers to several coordinate systems, all of which are right hand

cartesian type of systems. The common point of reference for all systems is the global coordinate

system (XYZ). This is the coordinate system in which the model geometry is defined. In other

words, the nodes of a finite element mesh are points located by their global X, Y, and Z

coordinates.

2.1.2. Skew Coordinate Systems (xyz)

Skew coordinate systems (xyz) can be set up for specified nodes and elements to simplify

the specification of applied nodal boundary conditions and element orthotropie material properties.

The skew coordinate systems are referenced throughout the code by a transformation number

which is assigned when the skew system is created. There is no limit to the number of skew

systems that can be specified, and they can be overwritten.

These skew systems are initially aligned with the global system and can be specified in

one of four ways. Three of these four ways are by specific user input, while the fourth is a result of

using the internal mesh generation capability. The first three ways are by reference to nodes (either

structural nodes or reference nodes), direction cosines, or Euler angles. The fourth way makes use

of the fact that a local coordinate system is generated for each node when generating the finite

element mesh internally. These generated coordinate systems are related to the surfaces of

revolution that can be created by internal meshing and can be saved for later use.

2.1.3. Structural Coordinate System (rst)

The structural coordinate system or element local coordinate system (rst) defines the

element isoparametric space. The orientation of this coordinate system is determined by the

element connectivity. This coordinate system is an orthogonal system in the isopararnetric space of

2.1



theelement. In globalspace,thestructuralsystemmaynot beorthogonalandthescaleof eachthe

individual axesmaynotbe thesame.This dependson theglobal geometryof theelement. Figure

3. showsthestructuralcoordinate system in global space where the node numbers are the location

of the nodes in the element connectivity. The relationship between the global and structural,

systems is the Jacobian, which can vary throughout the element.

3 t

10

Z Node 4 2

20_

PX 8

s

r

5

FIGURE 3. STRUCTURAL COORDINATE SYSTEM ORIENTATION FOR 3D ELEMENTS

The structural coordinate system can be used as a basis in orienting the material properties

for the element. This is done by eliminating the scale transformation between the global and

structural systems from the Jacobian so that only the angular transformation remains. Some

modification to this angular transformation may have to be made to get an orthogonal

transformation between the global to structural coordinate systems.

2.1.4. Material Coordinate System (123)

The material coordinate system is relevant only for materials which are not isotropic since

isotropic materials have the same properties regardless of orientation. For orthotropic materials,

the properties are symmetric about three orthogonal planes, which defines a material coordinate
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system. The material can be described by specifying the properties along each of the three axes of

this system.

When using a composite material, the material principle direction is aligned with the

material coordinate system 1 axis, the in plane transverse direction is aligned with the material 2

axis, and the out of plane transverse direction (through the thickness direction) is aligned with the

material 3 axis. This is shown in Figure 4.

1

matrix
jo

al a

fiber. ""

3

2

FIGURE 4. MATERIAL COORDINATE SYSTEM FOR COMPOSITE LAMINATE

The material properties are entered in the material coordinate system. The stiffness of the

finite element model is calculated in the global coordinate system so the transformation between

the material and global systems must be defined. This can be done directly by referencing a skew

coordinate system transformation number or indirectly by specifying the transformation between

the material coordinate system and structural coordinate system.

2.1.5. Micromechanics Coordinate System (xyz)

The composite micromechanics analysis module (ICAN) has three coordinate systems

associated with it. These are the composite structural coordinate system, the composite material

coordinate system, and the ply material coordinate system as described in the ICAN user manual.
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As usedin CSTEM,the composite material coordinate system and the ply material coordinate

system are the same and correspond to the material coordinate system described in 2.1.4. The

composite structural coordinate system is basically the structural coordinate system of 2.1.3, with

the restriction that the structural coordinate system z axis is aligned with the material 3 axis. This

may be a permutation of the rst structural coordinate axis system of CSTEM since the t axis is not

necessarily the axis that is aligned with the material 3 direction.

2.1.6. Mesh Generation Coordinate System (x"y"z")

The internal mesh generator in CSTEM is capable of generating various doubly curved

surfaces of revolution. A local coordinate system that is initially aligned with the global system is

rotated through 2 Euler angles so that the local x" axis passes through two specified points on the

inner and outer surface of the mesh to be generated. The 2 Euler angles axe rotations f'ast about the

global Z axis and then about the resulting y' axis. These angles are calculated from the input inner

and outer surface points. The mesh is generated by rotating about the resulting local y" and z"

axes. The local coordinate system used to generate a specific node can be saved for later use to

define a skew coordinate system.

2.1.7. Wave Coordinate System (xyz)

This coordinate system is used to define the orientation of electromagnetic waves in the

electromagnetic analysis module of the CSTEM code. This is an orthogonal system defined such

that the direction of propagation of the wave is along the z axis of the wave coordinate system. The

polarization of the wave is referenced to the wave coordinate system x axis. Figure 5. shows the

wave coordinate system. Orientation of the wave coordinate system with the global system is

defined by specifying a skew coordinate system transformation number.
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2.2.SIGN CONVENTIONS

2.2.I. Angles

The coordinate systems used are right hand systems so the sign convention for angles is

based on a right hand rule. The convention used is that positive angles are counterclockwise as

viewed from the positive end of the axis of rotation. In right hand terms, if the thumb on the right

hand is the axis of rotation, positive angles are in the direction of the curled fingers on the right

hand when the thumb is placed on the end of the nose_ ..........

2.2.2. Forces/Displacements

These quantities are signed according to the direction they act relative to the coordinate

system they are referred to (usually global).

2.2.3. Pressures

Positive pressure causes compression on the face it is acting upon. In other words,

positive pressure acts in the opposite direction of the face outward normal.
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2.2.4. Stress/Strain

Positive normal stress and strain is tensile, negative is compressive. Shear stress is

positive when the right angle formed by the two axes defining the plane in which the shear stress

acts is increased under the influence of the shear. (See schematic) _\

+
2.3. TRANSFORMATIONS

2.3.1. Coordinate System Transformations

These type of transformations are used to change between different coordinate systems.

Since the coordinate systems are all orthogonal this is basically a rotational transformation.

Reference the books by Robert Cook on finite element analysis for further descriptions on details

of transformations of this type.

2.3.1.1 Coordinate Transformation

Coordinate transformations are done using a 3x3 orthogonal transformation matrix. The

global XYZ coordinate vector is transformed to a local xyz coordinate vector by the equation

{x} = IT] {X} (1)

Since the transformation matrix is orthogonal its inverse is simply the transpose so getting the local

coordinates from the global is

{X} - [T] T {x} (2)

The transformation that is stored by CSTEM is that which starts with the global system

and rotates it so that it ends up at the local system. The transformation matrix is a set of cosines of

the angles between the local axes and the global axes as shown in Figure 6. Multiple global to

local transformations are.easily done by premultiplying the previous transformation matrix by the

subsequent transformation matrix.
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FIGURE 6.COORDINATE TRANSFORMATION MATRIX

EXPRESSED AS DIRECTION COSINES

2.3.1.2 Stress/Strain Coordinate System Transformations

The transformation matrix for stress is different than the transformation matrix for strain,

although both are 6x6 matrices derived from the coordinate transformation matrix. They are also

related in that the inverse of one is the transpose of the other. The equations transforming global

strains and stresses to local are

(3)

(4)
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and from local to global are

{E}C = [T_]-] {e}L (5)

{or}G = [T_]T{O}L (6)

where Figure 7. shows [T_ ].

2.3.1.3 Material Coordinate System Transformations

The material transformation matrix is the 6x6 strain transformation matrix shown in Figure

7. The material properties are input in terms of the material coordinate system and are needed in

terms of the global coordinate system for use in generating stiffnesses. The equation describing

this transformation is

[D]G = [T_ IT [D]L [Te ] (7)

i.
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1 2 m 2 n2

(21112)
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(2m2m3) (2n2n3)

(2m3ml) (2n3n,)
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(n:13+ n3l:)
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FIGURE 7. STRAIN TRANSFORMATION MATRIX
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2.3.1.4 Coordinate System Permutations

This type of transformation is simply a labelling change on an existing coordinate system.

This is used mainly in element layering when a structural coordinate system axis is designated as

through the thickness, which corresponds to the material 3 axis. The structural coordinate axis

corresponding to the material 1 direction is found by permutation. Permutations follow a 1,2,3

sequence and may best be visualized by the following diagram.

Z Y t S

2.3.2. Reference Configuration Transformations

These types of transformations are used in the updated Lagrange large displacement

analysis. They transform between different geometry configurations. Reference the books of ILL

Bathe on finite element analysis for additional details on these types of transformations. A more

detailed explanation may also be found in the section describing large displacement analysis. The

configuration notation is that of Bathe where the leading subscript refers to the time to which the

measure is referred and the leading superscript refers to the time when the measure is taken. This

notation uses time only as a convenient scale between various configurations, not to imply a rate

dependency.

2.3.2.1 Deformation Gradient

Similar to the coordinate transformation matrix, all of the transformations to follow are

derived from the deformation gradient. The deformation gradient relates the different

configurations by taking partial derivatives of the coordinates of a configuration of time t with

respect to coordinates of a reference configuration. Put in equation form using matrix notation, the

2.9



deformationgradientis

_[X] = (ov (tx)T)T (8)

where

a 1
m!

00x1 I

a_L._l
0V =

" aOx21

and superscript T refers to the transpose.

_rXid

t tx3J

In tensor notation the deformation gradient is written

2.3.2.2 Density Transformation

The determinant of the deformation gradient is the ratio of the densities of the different

configurations.

op= 'pl  txJl

2.3,2.3 Strain Transformation

The Almansi strain is the current strain referenced to the current configuration and the

Green strain is the current strain referenced to the original configuration. The deformation gradient

transforms the Almansi to the Green strain according to the equation

_ tXm i t_ t_m- o ,t ij _:l'Xr_j (11)

and the reverse relationship involves the inverse deformation gradient

_#rnn ---- t0 Xi,m oijtt t0Xj,n (12)
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2.3.2.4 Stress Transformation

The Cauchy stress is the current stress referenced to the current configuration and the 2nd

Piola-Kirchoff stress is the current stress referenced to the original configuration. The deformation

gradient transforms the 2nd Piola-Kirchoff stress to the Cauchy stress as

(13)
trt

tGn.m _ (.___.)t x t S t0 m,i 0 i,j oXn,j

_Smn -- (0-_) 0Xt i,m tG"t.j t0Xj,n

and the reverse relationship

(14)

2.3.2.5 Material Transformation

The material matrix relating the Cauchy stress and Almansi strain can be transformed into

the material mau_ relating the 2nd Piola-Kirchoff stress to the Green strain with the equation

'X ' 8X ., (15)---- oXm,i 0 nj oCijrs
-p

2.4.

2.4.1. 3D Elements

The 3D elements used in CSTEM arc isoparametric bricks with 8, 16, or 20 nodes. These

element types are well documented and reference can be made to books by Cook, Bathe, and

Zienkiewicz among others. Since the 8 and 16 node bricks are degenerated from the 20 node brick,

the 20 node brick will be the basis of the following discussion.

The node connectivity used is that shown in Figure 3., where the node numbers shown are

the connectivity positions, not the actual node number as defined by nodal input. The 20 node

brick is shown, while the 8 and 16 node bricks would contain only the first 8 or 16 nodes

respectively. The Iacobian is the transformation between the structural coordinate system
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(isoparametric space) and the global coordinate system. Although the element can have a very

irregular shape in the global system, it is a 2x2x2 cube in the structural system where

-1 <r<+l -1 < s<+l -1 <t<+l

The displacements anywhere within an element can be placed in terms of the

displacements of the nodes. Let (u,v,w) be displacements at any point in the global (X,Y,Z)

directions respectively, and (Ui,Vi,Wi), if 1 tO 20, be displacements of the element nodes in the

global directions. The relationships between (u,v,w) and (Ui,Vi,Wi) are

20 20 20

U -- _-_ Hiui v -- _'_ Hivi w - E Hiw i

i=l i-I i=l

where the Hi are the interpolation or shape functions.

The shape functions, Hi, are given as basic comer node functions which are modified by

midside node functions. The 8 node brick has no midside node functions and the 16 node brick

does not have all of them.

The basic comer node shape functions are

G 1 = (1 +r)(1 +s)(1 +t)/8

G2 = ( l-r)(1 +s)( 1+t)/8

G3 = (1-r)(1-s)(l+t)/8

G4 = (l+r)(1-s)(l+t)/$

G5 = (l+r)(l+s)(1-t)/8

G6 = (1-r)(l+s)(1-t)/8

(37 = (1-r)(1-s)(1-t)/8

G8 = (1 +r)(1-s)( 1--0/8

The midside node shape functions are

H9 = (l-r2)(1 +s)(1 +t)/4

H10 = (1-r)(1-s2)(1 +t)/4

H11 = (1-r2)(1-s)(l+t)/4

H12 = (l+r)(1-s2)(l+t)/4

H17 = (l+r)(l+s)(1-t2)/4

H 19 = ( l-r)(1-s)( 1-t2)/4

H13 = (1-r2)(l+s)(1-t)/4

H 14 - ( l-r)( l-s2)( l-t)/4

H15 = (1-r2)(1-s)(1-t)/4

H16 -- (l+r)(l-s2)(1-t)/4

H 18 = (1-r)(l+s)(1--t2)/4

H20 = (l+r)(1-s)(1-t2)/4

(16)

(17)

(18)
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The modified comer node shape functions are then

H1 = G1 - (H9 + H12 + H17)/2

H2 = G2 - (H9 + H10 + H18)/2

H3 = G3 -

I-I4 = G4 -

H5 = G5 -

H6 = G6 -

H7 = G7 -

H8 = G8 -

(H10 + Hll+ H19)/2

(H 11 + H 12 + H20)/2

(H13 + H16 + H17)/2

(H13 + H14 + H18)/2

(H14 + H15 + H19)/2

(H 15 + H 16 + H20)/2

The first order definitions of strain in terms of displacements can be written as

an
exx - ax

aw

±c _u +
,xy = 2"¢9y O_'_' = 17xy

I cav aw _ l_,y zeY_ = _T_" + _'_)

= lt_aw au ffi 17z x+

(19)

(20)

where the shear strains, eij, are the tensor shear strains and Yij are the engineering shear strains.

The engineering shear strains are used by CSTEM.
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These equations can be written in matrix form as

_y

_z

Yxy

Yyz

Yzx

an

Ox
Ov

Oy
Ow
I

Oz
au

Ov

Ow

av

Ow

77
Ou

8H i
o o

0 OH------!i0
OY

0 0 °H-----Ji
OZ

0Hi 0Hi 0
OY 0X

0 dHi aHi
aZ OY

{u,]V i

W i

(21)

which, in a shorter notation is written as

{e} -- [B]{u} (22)

where {e } is the engineering strain vector, ['B] is the strain--displacement matrix, and {u} is the

vector of nodal displacements.

The terms of the strain--displacement matrix are partial derivatives of the shape functions

with respect to the global coordinates; however, the shape functions were written in terms of the

structural coordinates. To obtain the proper partials the chain rule of differentiation is used giving

0Hi Os 0Hi Ot (23)
0Hi _ 0Hi Or + + ____
OX Or 0X Os OX 0t OX

dHi as aHi at
_3Hi 0Hi ar + +
0Y ar OY Os OY 0t aY

aHi as aHi 0t
OH_ aH_ Or + +
OZ Or OZ Os OZ at oz
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The Jacobian transforms the global coordinate system to the structural coordinate system.

0 0 (24)
b-f = [J]_-_

where the Jacobian is

[J]

"ax aY aZ
ar Or ar

ax aY az
= as as as

ax aY az
at at at

(25)

By comparing the partial derivative terms of the Jacobian and the equation above it can be

seen that it is the inverse of the Jacobian that is necessary to calculate the strain--displacement

matrix.

Integrations to calculate loads, stiffnesses, and volumes are performed in the structural

coordinate system. These integrals take the form

+1 +1 +1

F,j-fffgij,J,  dt (26)
-1 -1 -1

Specifically, the stiffness matrix is calculated as

[K]

+1 +1 +1

-fff
-1 -I -1

[]3] T [D] [B] [ J [ dr ds at (27)

where [B] is the strain displacement matrix and [D] is the material constitutive matrix. The

stiffness for each element is calculated separately and assembled into the global stiffness matrix.
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Body forces are calculated using

+1 +1 +1

  ,:fff
-1 -1 -I

[Hi] T {f8} I J I dr as at (28)

where [Hi] are the shape functions and {fB } is the vector of body force components. Again, the

body forces are calculated for each element separately and assembled into a global force vector.

Initial strain effects can also be included as a force using

+1 +1 +1

-1 -1 -1

where {e0} are the initial strains.

These integrals are evaluated by numerical integration of the form

m n o

a=l b=l c=l

g(ra, sb, tc) I J IWa W b We (30)

where m x n x o integration points are used and Wa, Wb, Wc are the weighting factors for locations

ra, sb, te. CSTEM uses a Gauss-Legendre quadrature which employs an uneven distribution of

integration points and weights to obtain an optimized solution to the integral. Table 2. gives the

Gauss integration points and weights for integration orders up to 3. For a 20 node brick, which

uses parabolic shape functions, an integration order of 3 gives an exact solution. An 8 node brick

with its linear shape functions is exactly integrated by an order 2 Gauss quadrature.

Since the displacements are restricted to the shapes as given by the element shape

functions, the stiffness generated by the finite element method is generally too stiff. Often a

reduced integration order of 2 with 20 node bricks is used to counteract this tendency since reduced

integration using Gaussian quadrature generally results in a more flexible stiffness. However, this

may cause other problems, specifically that of zero energy modes in which erroneous
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displacements which do not violate the stiffness of the structure may occur.

Robert D. Cook, who gives a good explanation of this phenomena.

Integration

Order i _ Wi

1 I 0 2.0

Refer to books by

2 I -.577350 1.0

+.577350 1.0

3 I -.774597 .5555555

H 0 .8888888

ITI +.774597 .5555555

TABLE 2. GAUSS--LEGENDRE QUADRATURE POINTS AND WEIGHTS

2.4.2. Equivalent Homogeneous Elements

Consider the case of laminated composites in which the laminates can be thin and of

completely different properties in adjacent regions. Using a standard quadrature essentially

requires the use of one element to be used for every layer in order to capture the non--continuous

material changes. This results in an extremely fine mesh which translates to a large expense due to

the large set of equations to be solved. Another option is to use an average material property that

includes the effect of the material change. This gives a reasonable set of equations, but the stress

and strain results as obtained at the integration points are averaged values because the material is an

average of the ply materials and orientations. An additional micromochauies analysis could be

done to obtain the true ply stresses and strains in this case.

The use of homogeneous elements for the analysis of layered composites in which several

layers are contained within a single element requires the generation of an equivalent bulk

orthotropic material. The equivalent material constitutive matrix is needed for use in the

calculation of the element stiffness as shown in equation (27). This equivalent material constitutive

matrix is obtained as a weighted sum of the global material matrices for each layer through the
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elementcrosssection,wherethe weighting is based on the fraction of the element thickness

occupied by the layer as shown in equation (31). The numerical integration of the element stiffness

is then carried out using a Gaussian distribution in all three directions.

Although the effect of differing layer stiffnesses can be accounted for with the use of a

bulk material matrix, the effect due to the location of the different stiffnesses through the thickness

of the element cannot be accounted for with this method. The bulk material matrix is the same at

different integration points through the thickness of an element, but may vary from integration

point to integration point when moving parallel to the layer plane. CSTEM provides the capability

to use homogeneous elements separately or combined in a model with layered elements described

in the following section.

2.4.3. Layered Elements

An attractive third option in the analysis of laminated composites is to use layers of Gauss

integration points in the direction of the changing material properties. Use of layered elements

allows direct calculation of ply stresses without increasing the model size or pushing limits on

element aspect ratio. This section deals with the elements which use layers of integration points in

a single element. These elements can be used separately or can be combined with homogeneous

elements within a model.

The layers contain integration points at the layer midsurfaces, using the usual Gauss

quadrature locations on the isoparametric midsurface plane. This amounts to adding a fourth

summation in the numerical integration scheme, where the fourth sum is over the number of layers

within the element. One of the original three summations is also constrained to an integration order

of 1, since the integration points are at the midsurface of each layer. The weight associated with

the fourth summation is the element volume occupied by the layer being integrated. This can be
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expressed as

nl m n o

I=1 a=l b--I c=l

g(ra, sb, tc, 6 I) I J IWa W b Wc Vol I (32)

where nl is the number of layers in the element, 6 is a thickness coordinate, Voll is the volume of

the element occupied by the layer, and one of m, n, or o has the value of 1 depending on which

structural coordinate system axis is the through the thickness axis.

The displacement distribution through the thickness of the element is controlled by the

shape function of the element. Layers of different thicknesses can be used, as well as different

numbers of layers per element. However, consideration must be given to the capability to

accurately integrate the differing stiffness properties of the layers. In general, layers of relatively

equal thickness will provide a more accurate integration than a mixture of relatively thick and thin

layers within an element. Figure 8. indicates the difference in stiffness integration as measured by

the fundamental vibration frequency for a model with equal thickness layers relative to the usual

3rd order Gaussian distribution of integration points in 20 node brick elements. A 3rd order

Gaussian distribution will give an exact integration for the regular 20 node brick elements of this

model. It can be seen that even with 3 layers the results are within 6% of this exact integration.

For an element which is detected to have only two layers, the CSTEM code will automatically split

the two layers in half to create four layers.
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The information necessary to define the layering of an element is the thickness axis, the

layer material, the layer thickness, the number of layers, and the orientation of the layer. Multiple

layers in CSTEM elements require that careful attention is paid to the orientation of the structural

coordinate (or rst) system, determined by the element connectivity. In its isoparametric space an

element is a 2r by 2s by 2t cube with the rst system origin at the centroid. In other words tl_

element sides (or faces) are planes perpendicular to one of the rst system axes and parallel to the

plane defined by the other two axes. These element faces lie at the +1 and -1 locations of its

perpendicular axis. The structural coordinate system definition for CSTEM is shown graphically in

Figure 3., which is repeated below, and is also shown in Table 3.

LOCAL FACE

AXIS NUMBERS

+t,-t 1,2

+s, -s 3, 4

+r,-r 5, 6

Z Node 4

11

12

3

#!

" 7 14

1

I0

2

18

16

5

FIGURE 3. STRUCTURAL COORDINATE SYSTEM ORIENTATION FOR 3D ELEMENTS
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TABLE 3. STRUCTURAL COORDINATE SYSTEMDEFINITION

AXIS CORNER NODES

+t 1234

-t 5678

+s 1265

-s 3487

+r 1 485

-r 2376

Material layers within an element are set up so that the upper and lower surfaces of a layer

are parallel to a pair of element faces in isoparametric space. This means that in isoparametric

space the layer surfaces are parallel to a plane def'med by two structural axes with the third axis

being perpendicular to the layer surfaces. The perpendicular structural axis defines the thickness

direction so that going through the element thickness means we are going perpendicular to the

layers. This way of defining element layers means that when modeling a layered structure the

mesh must follow the layer surfaces so that layers run between opposite element faces. Layers eat,

not cut diagonally across an element. Figure 9. illustrates this concept.
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Layer 2
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FIGURE 9. LAYERS IN AN ELEMENT

The layermaterialisdefinedby a materialnumber and thepropertiesassociatedwiththis

material are stored by reference to this material number. Layer materials are treated as orthotropic

materials, so isotropic materials can be used since they are a subset of orthotropics. Orthotropic

materials have directionality so a material coordinate system is associated with each material. The

material properties are specified with respect to this material coordinate system with the material X

or 1 axis usually being the principle or stronger direction, although this is not a requirement.

Since the layers are of constant thickness in isoparametric space, the layer thicknesses are

stored as fractions of the element thickness. Therefore, if the element varies in thickness in the

global coordinate system then so do the layers. CSTEM is set up so that layer number 1 is at the

negative end of the thickness axis, the 'lower' or 'bottom' surface of the element. The layers are

then numbered consecutively progressing along the thickness axis in the positive direction.

There are two ways to define the orientation of the layer with respect to the global

coordinate system. One is to define a transformation directly from the material coordinate system

to the global coordinate system. In CSTEM a particular transformation has a number associated

with it much like the materials. For global orientation of etement layers the transformation number

is all that is required and the transformation associated with that number is used to rotate the

material properties directly to global.
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Many structures are of complex shapes and curvatures which makes it difficult to specify

the material orientation with respect to a global coordinate system. Since the elements in a mesh

generally follow the shape of a structure (as do the layers) it may be much easier to specify the

material orientation with respect to the element coordinate system. The material orientation with

respect to the global system can then be calculated since the information relating the rst system to

the global system is available from the element geometry definition. Using this method in C.STEM

assumes that the material coordinate system is aligned so that the material Z or 3 axis is coincident

with the element thickness axis.

For local orientation of element layers the angle of rotation about the material 3 axis is all

that is required. The reference axis for this rotation angle depends on which of the rst axes is

defined as the thickness axis. Table 4. shows the reference (0 degree) orientation of the material
r

coordinate system to the element rst system for each thickness axis case.

reference axis (0 deg)

(90 deg)

thickness axis

MATL
AXIS

._..

2=

3-

ELEMENT

AXES

r s t

s t r

t r s

TABLE 4. UNROTATED MATERIAL ORIENTATION WITH ELEMENT

The orientation of the structural coordinate system with respect to the global coordinate

system is contained in the Jacobian matrix. The Jacobian contains both the angular relation of the

element coordinate system to the global coordinate system as well as the stretching or shrinking of

the element axes in relation to the global axes. For the material orientation only the angular

relationship is required. Therefore, the Jacobian must be normalized row by row to get the

transformation matrix from the element coordinate system to the global coordinate system. (If the
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Iacobian were to be normalized column by column the transformation matrix from the global

coordinate system to the element coordinate system would be obtained).

A possible drawback in using the Jacobian in this way is that the structural coordinate

system may not be an orthogonal system when viewed in the global coordinate system. This would

occur when element comers are not right angles. To avoid this problem an orthogonal system is set

up based on the element coordinate system by taking successive cross products.

The default sequence of cross products is to cross the element axis corresponding to the

material 3 direction into the element axis which corresponds to the material 1 axis. This forms the

material 2 axis. The material 1 axis is then determined by crossing the 2 axis into the 3 axis. This

sequence is such that the material 3 axis is indeed the element axis defined to be through the

thickness, and the 3-1 plane defined by the element thickness axis and reference axis is preserved.

Figure 10. illustrates the default sequence of cross products to form an orthogonal material

coordinate system with the element r axis as the through thickness (material 3) axis.

r
Thru-thickness axis r "_ Orthogonal material axis 2
crossed into default crossed into thru-thickness

material 1 axis s axis to form orthogonal
to form orthogonal material axis 1
material 2 axis

3

.22
f

Final orthogonal
material coordinate

system

FIGURE 10. FORMATION OF ORTHOGONAL MATERIAL COORDINATE SYSTEM

Forming an orthogonal system eliminates some restrictions on the mesh, but stir requires

that the nodes defining the element thickness axis be lined up through the thickness. The default

sequence of cross products can be changed if the through thickness axis is not orthogonal to the

layer plane. This is indicated on input by a 2 digit code for the through thickness axis, the tens
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digit being the through thickness axis and the ones digit being the axis which remains unchanged.

If the material 1 axis is to remain unchanged, axis 1 is crossed into axis 2 to form axis 3, then axis 3

into axis 1 to form axis 2. If the material 2 axis is to remain unchanged, axis i is crossed into axis

2 to form axis 3, then axis 2 crossed into axis 3 to form axis I. Both of these alternatives modify

the material 3 axis from the corresponding element axis and preserve the material 1-2 plane.

Eliminating the requirement that elements have nodes "lined up in the thickness direction is

helpful, but the assignment of a material reference axis based on the element coordinate system

places a requirement on the mesh that two faces must be parallel to the material reference plane.

This may be too restrictive at times, as when meshing about a hole drilled through a composite

plate, so the IGAX option is available to allow specification of a global axis that is to be parallel or

perpendicular to the reference axis of the local orthogonal system. This way of specifying the

material direction is a hybrid between a local and global method. If perpendicularity is requested,

the angle between the specified global axis and the local reference axis is checked and if it is not 90

degrees the orthogonal system is rotated about the thickness axis so that it becomes 90 degrees.

The IGAX option can also be used to request rotation about the thickness axis so that the material

reference axis is parallel to a particular global axis. It can also be used to orient the material

reference axis parallel or perpendicular to the tangential axis of a cylindrical coordinate system

placed at the global origin.

The rotation of the material matrix from the material coordinate system to the global

coordinate system is calculated as:

[D]G = [T] T [D]L IT] (33)

Therefore, to get the complete transformation matrix from the material coordinate system to the

global coordinate system the normalized Jacobian (which rotates from element to global) is

premultiplied by the planar transformation matrix which rotates the material coordinate system to

the structural coordinate system.
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2.4.4. Additional Stiffnesses

Stiffnessesbetweennodal degrees of freedom can be input directly. These stiffnesses

relate the translational and rotational degrees of freedoms of the nodes. This feature is useful for

simulation of soft ground springs, allowing calculation of free-free vibration modes. Nodal masses

and rotary inertias can be input for the same degrees of freedom related by the additional stiffnesses

to simulate system effects.

2.5. CONSTRAINT EQUATIONS

Constraint equations define a relationship between degrees of freedom. The method used

in CSTEM to impose the relationship specified by the constraint equation input is called the

transformation method. The form of the constraint equation is shown in equation (34), where ud is

the dependant DOF, ui is one of the i independant DOF, ci is the coefficient for the ith independant

DOF, and C is a constant.

U d ---- C-I- _ciu i (34)

i
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SECTION 3. ANALYSIS TYPES

3.1. STRUCTURAL ANALYSES

3.1.1. Load Types

Structural loadings for CSTEM can be input as nodal forces, nodal displacements and

fixities, element pressures, centrifugal loads, acceleration loads, and nodal temperatures, which

result in thermal loads. Once applied, all of these structural loading boundary conditions remain

active from load case to load case until explicitly changed. Only rotational speed (RPM) must be

input in every load case.

Nodal forces and displacements are applied in each degree of freedom of the nodal skew

coordinate system, which is the global coordinate system until changed explicitly. It should be

noted that nodal displacements are nonzero displacements and are applied by modifying the

stiffness and the force vector so that the prescribed displacement results. This is in contrast to

nodal fixities which are zero displacements and are incorporated by eliminating the fixed nodal

degree of freedom from the global set of equations. Thus, a nodal fixity once def'med can not be

changed in an analysis, while a nodal displacement can be changed throughout the analysis.

Element pressures are applied to element faces, which are defined by the connectivity.

The face numbering convention is shown in Table 5. Positive pressure values cause compression,

acting into the face on which they are applied. In updated large displacement analyses, the pressure

can be calculated using either the deformed or original face geometry. The pressure can vary

across the face surface by specifying different pressure values at the face nodes. The force due to

the pressure distribution across the element face is calculated by numerical integration using a two

dimensional 3X3 Gauss quadrature. The nodal pressure values are interpolated at the integration

points using the element shape functions.

Centrifugal loads are body forces calculated about one of the 3 global axes. The loads are

calculated for a reference rotational speed of 1000 RPM and then scaled to the actual speed during

force assembly. The mass density of the element is calculated during stiffness integration using the
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RST N1 N2 N3 N4 N5 N6 N7 N8
AXIS

FACE1 +t 1 2 3 4 9 10 11 12

FACE2 -t 5 6 7 8 13 14 15 16

FACE3 +s 1 2 6 5 9 18 13 17

FACE4 --s 3 4 8 7 11 20 15 19
, |

FACE5 +r 1 4 8 5 12 20 16 17

FACE6 -r 2 3 7 6 10 19 14 18

TABLE 5.ELEMENT FACE NUMBERING CONVENTION

material density at each integration point of the element. This element density multiplied by the

square of the reference rotational speed in radians per second is distributed as loads to the nodes

using the shape functions and the fraction of the element volume associated with each integration

point. Acceleration loads are handled similarly with the input acceleration load being used in place

of the density times speed squared term.

To calculate thermal loads, the nodal temperatures are interpolated to the integration points

using the element shape functions. The thermal strain at the integration point oriented in the

material coordinate system is calculated using the material thermal expansion coefficients at this

temperature. This thermal strain is transformed to the global coordinate system and integrated into

an elemental thermal force using the equation for an initial strain force.

3.1.2. Material Properties

Material properties can be specified in one of two ways in CSTEM. The properties can be

input directly or they can be calculated from constituent properties using micromechanics. One or

the othe/of thes6 methods can be used, they can not be used together in the same analysis.
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3.1.2. 1. Direct Input of Material Properties

When specifying material properties directly, the number of different material types that

can be used together in CSTEM is unlimited since the material properties are stored on a random

file and accessed by the material number associated with the properties. This material number is

assigned to the elements and/or layers of that material. Isotropie and orthotropic materials can be

used in CSTEM, at the same time if desired. The material properties are input at up to 10 discrete

temperature levels in increasing order to describe the variation of these properties with temperature.

The properties are linearly interpolated to the integration point temperature from the two bracketing

material temperatures. If only one material temperature is input then those properties are used

always. If the interpolation temperature is greater than the highest material temperature the

properties are linearly extrapolated from those at the two highest material temperatures, and if the

interpolation temperature is less than the lowest material temperature the properties are linearly

extrapolated from those at the two lowest material temperatures.

3.1.2. 2. Calculation of Material Properties

For composite materials, ply material properties can be calculated from the constituent

material properties for up to 10 different constituent combinations at a time. The constituent

properties are contained in a data bank which must be available to the program. Reference can be

made to the user manual for the NASA computer program ICAN (NASA Technical Paper 2515)

for details on the micromechanics analysis performed in calculating these properties.

In conjunction with the calculation of ply properties using micromechanics, the capability

also exists to group plies and create material properties which are actually a particular combination

of ply orientations. This feature can be used as a way to simulate 2D composite weave properties.

3.1.3. Small Displacement Analysis

The basic type of structural analysis in CSTEM is the small displacement analysis. This

assumes that all displacements are small relative to the model coordinates so that the original

geometry can always be used to calculate stiffnesses and loads. The total loads are applied in each
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loadcaseto thesystemstiffnesscalculatedfor thetemperaturedistributionof thatloadcase. The

resultsaretotal displacements.Theequationusedis

[K]{uI = {F} (35)

which canbesolvedfor thedisplacementsgiving

{u} = [K]-1 {F1 (36)

3.1.3.1. Stress Recovery

Stress recovery for small displacement analyses is performed element by element for each

integration point contained within the element. Strains are calculated from the displacements of the

nodes of an element as shown in equation (21). Stresses are calculated using

{o} - [D]{a} (37)

An alternative method for calculation of interlaminar shear stresses which uses stress

equilibrium equations and in plane stresses calculated as shown in equation (37) is also available.

See section 3.1.10. for more details.

3.1.3. 1. I. Failure Criteria

As part of the stress recovery procedure, various failure criteria can be calculated.

Currently, the available failure criteria are the Tsai-Wu quadratic criteria, the Max Stress criteria,

the Max Strain criteria, and a modified Tsai-Hill failure theory. The particular failure criteria to be

used is associated with a material type by input. The stress/strain orientation to which the failure

strengths are applied is determined by the orientation requested by variable IPOUT. If stress/strain

output is requested in global, the strengths are applied to global stress/strain values and if

stress/strain output is requested in material, the strengths are applied to material stress/strain values.

If principle stress/strain output is requested, strengths are applied to global stress/strain values.

The Max Stress and Max Strain criteria are applied by comparing the failure strength at the

current integration point temperature with the calculated stress and strain. This is done on a
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component by component basis, with the maximum component failure criteria value being the one

reported for the integration point. The Tsai-Wu quadratic failure criteria is calculated using

Fl1(Oli) 2 + F22(022) 2 -I- F33(a33 )2 -I- F44(o12) 2 + F55(a23 )2 °r F66(O31) 2

+ F1Oll + F2_22 -I- F3033 + 2Fl2_11022 + 2F23022033 + 2F13ol1033 = 1
(38)

where F_i _ 1 ; Fi _ 1 1 ; Fi j _ 1
SiiSii' Sii Sii' (Sij)2

and S is a tensile strength and S' is a compressive strength.

The Tsai-I-Iill failure theory involves only in plane components of stress and strength, and

can be written as

(39)

where S is a tensile strength.

3.1.4. Large Displacement Analysis

The large displacement analysis method used in CSTEM is an incremental updated

Lagrange method, in which the nodal coordinates are continuously updated to the current

equilibrium position and all stress and strain measures are referred to this updated configuration.

This method handles the effects of previous displacements automatically due to the fact that the

nodal coordinates include the displacements.

The basic equations used are derived from consideration of equilibrium, stating that the

externally applied forces must be balanced by the stresses generated internally. For this balance to

be correctly achieved mathematically, care must be taken to use the proper stress and strain

measures. For updated Lagrange these are the Cauchy stress and Almansi strain, as opposed to the

2nd Piola-Kirchoff stress and Green strain which use a previous configuration as their reference

basis.
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The Almansi strain is the strain referenced to the current configuration. It is defined as:

_eij = I( ttuij + _uj, i _ ttuk,i ttUkj ) (40)

where tensor notation is used. In the previous equation, the left superscript refers to the time when

the strain occurs and the left subscript refers to the configuration to which the strain is referenced.

This time notation is used throughout this manual.

The Green strain is the strain referenced to the original configuration. It is defined as:

tu tu tu (41)= (0ij + )uj.i-0k,i0kj)

The relationship between the Almansi strain and the Cauchy stress is

'am. = I cm. (42)

and between the Green strain and 2nd Piola-Kirchoff stress

_Sij ---- _) Cijrs _ers (43)

These stress and strain measures with respect to the current and original configurations can

be related to each other through the use of the deformation gradient. Extensive use is made of this

since stress and strain increments calculated in previous loading increments must be transformed to

the current configuration and summed together to obtain the current stress/strain state. The

deformation gradient is defined in matrix notation as

_[X] -" (o v t{x}T)T (44)
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where

"0 "
O°xl
O

oV = • OOx--"_. and t{x}
O

O°x3

f tXll

= tx2_.

tx3J

(45)

and superscript T refers to the transpose.

Using tensor notation the relations between stress and strain measures can be written as

t_
ta m = (-.a_-) t tS m,i o ij bXq.,

,,p
(46)

[_m = tOXi,m O_ij tOXj,rl (47)

[Cmnpq (o--_) _)Xm,i t t0Cijrs---- _Xnj _y_p,r _)Xq,s (48)

where p is the density and

0p= 'platxll (49)

The equilibrium equations to be solved in the incremental updated Lagrange large

displacement method are

( [[KL ] + [[Kw.. ] ) {Au}(i) _ t+dt {R} t+dtf_l(i-l)-- t+dtt_i
(50)
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where

t[KL] =

_[KNL] =

',[BL]"r[[c] [[Bt] d'V (51)

_[BNL]T t{cr } tt[BNL,] dtV

tv

t+dt/'l::! .- f
t+dt t_' , _[BL] T t{a } dtV (53)

tv

(52)

and t+dt{R } are applied loads at time t+dt.

In this notation, the left superscript and subscript indicate the calculation time and

reference configuration as before, and the right superscript in parenthesis indicates the iteration

number.

The linear strain displacement matrix, [BL], is the same as for the small displacement case.

The nonlinear strain displacement matrix, [BNL], involves the same terms as [-BL], but in a different

arrangement. Reference can be made to the book by K.J. Bathe, Finite Element Procedures In

Engineering Analysis.

The total displacement, strains, and stresses are the sum of the increments of each of these

quantities. However, the stress and strain increments must all be with reference to the same

configuration before summing.

3.1.5. Finite Element Implementation of Large Displacement Analysis

The large displacement analysis method used in CSTEM is an incremental approach rather

than the total approach used for small displacement analysis. In addition to the force calculation

and assembly, the stiffness calculation is different from that used for a small displacement analysis

as well as the stress recovery procedure and the use of equilibrium iteration.

3.8



3.1.5. 1. Deformation Gradient

The deformation gradient, shown in equation (44), is used throughout a large displacement

analysis. It is used to transform stresses, strains and the material matrix between various

configurations.

The deformation gradient is formed for each integration point since it is used in integrating

element stiffness and transformation of stresses and strains, which are calculated at the integration

points. The first step in forming the deformation gradient is to calculate the Jacobian using the

reference configuration coordinates of the element containing the particular integration point under

consideration. If the reference configuration is time 0, the coordinates used in the Jacobian

calcuiation would be the original undeformed coordinates. If the reference configuration is at some

time t, the coordinates used would be the original coordinates plus the total displacements at time t.

This Jacobian is then used to transform the derivatives of the shape functions, which are calculated

with respect to the structural (rst) coordinate system, to the global coordinate system. These shape

function derivatives with respect to the global coordinates at the current reference configuration are

multiplied by the coordinates of the element at the desired calculation time, say t+dt. The resulting

set of partial derivatives of the current coordinates with respect to the reference coordinates is the

deformation gradient between the reference configuration and the current configuration.

3.1.5.2. Stiffness Calculations

As indicated by equations (50)-(52), the stiffness is composed of a linear and a nonlinear

component. Since the large displacement analysis follows an updated Lagrange approach the

updated coordinates are used in all stiffness calculations, the effect being included through the

strain displacement matrix. In calculating the linear stiffness component, the material matrix must

be updated from the original undeformed configuration to the current configuration using the

deformation gradient, as shown in equation (48). The nonlinear stiffness component includes the

integration point Cauchy stress, which involves a deformation gradient transformation as shown in

equation (46).
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3.1.5.3. Force Calculations and Assembly

Applied loads are generally calculated in the same way as in the small displacement case,

(see equations (28) and (29)), except that updated coordinates are used. The internal force is

calculated using equation (53), in which the stresses have been transformed to the configuration at

the beginning of the load case. All loads are calculated and saved on an elemental level and later

assembled into a global applied force and global internal force. Thermal effects are accounted for

by saving the previous load case thermal load vector and assembling it into the internal force. The

current load case thermal load vector is included as an applied load. The global incremental force

is obtained by subtracting the internal force from the applied force as shown in equation (50).

3.1.5.4. Equilibrium Iterations

Equilibrium iterations can be done if desired so that the force imbalance due to the

difference between the configuration at the beginning of the load case and the end of the load caso

can be eliminated to some tolerance. Equilibrium iteration convergence is based on the largest

degree of freedom difference in the displacement increments from one iteration to the next.

When performing equilibrium iterations, the stiffness is recalculated at the beginning of

each iteration with the previous displacement increment included in the updated configuration. The

material matrix and stress included in the stiffness calculation are also transformed to the updated

configuration. The reference configuration remains the configuration at the beginning of the load

case.

The applied loads in the form of centrifugal forces, acceleration forces, and pressure forces

are updated for each iteration as the configuration changes. The updated internal force is calculated

at each iteration based on the updated stress state as well as the new configuration, so that the

incremental load for the next iteration can be formed. The incremental load vector is modified to

enforce prescribed displacements in each iteration. Thermal loads are applied in the initial load

increment only and are not included in subsequent iterations.
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3.1.5.5. Stress Recovery

Stress recovery is done differently for large displacement than in the small displacement

case. A displacement increment is calculated for each applied load increment. The total strain

increments are calculated at the individual integration points using equation (40), in which the

higher order terms are included if requested. The elastic strain increment is found by subtracting

the thermal strain increment, and the stress increment can then be calculated using equation (42).

The total strain and stress state is obtained as a summation of the stress and strain increments

calculated in each load increment.

When summing a stress and strain increment with any previous stress and strain state, the

reference configuration of the increment and previous state must be the same. Since the increments

are Almansi strains and Cauchy stresses, which are based on the current configuration, the previous

stresses and strains are transformed to the current configuration using the deformation gradient as

shown in equations (46) and (47). This transformation involves only the diagonal terms of the

deformation gradient when a f'trst order large displacement analysis is requested.

3.1.6. Principal Stress Calculations

There are two options involving calculation of principal stresses and principal strains in

CSTEM. Principal strains are calculated similarly using tensor shear strains. The first option is the

usual 3D principal stress calculation, which solves for the eigenvalues of the 3D stress tensor. This

calculation results in the solution of a cubic equation with stress invariants as coefficients of the

equation. This will result in three normal stress components and no shear components. The stress

or strain tensor is oriented in 3D space to obtain this condition.

03-Ioo2-Iloo-IIio = 0

where

(54)

Io = Ox + Oy + Oz

Iio = - (OxOy + OyOz + OzOx)

HI o -- Ox,_2z + (ly'g2z + (lz't;2y - (OxOy(l z + 2"l;xy'gyz_zx)

The other principal stress calculation is intended for use with layered materials, in which

the principal stresses in the plane of the layer of the material are calculated while the out of plane
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stressor straincomponentsareunchanged,sothis is a 2Dprincipal stresscalculation. In this case

therewill betwo in-plane normalstresscomponentsandno in-plane shearcomponent.The stress

tensoris rotatedaboutthematerialthroughthickness(3) axis to obtainthis condition.

( ) (ox.o,)ax + ay + = (55)
Omax = _" _max Omin _"

_v/(Ox-where "_max - 2

It is also possible to rotate the stress tensor about the material through thickness (3) axis so

that only one interlaminar shear stress component exists and is therfore maximized, although the

orientation of this shear component may lie at some angle to the fibers.. This calculation is

separate and independent of the in-plane stress or strain values, but provides an altemam viow of

the interlaminar shear stress.

For a rotation about the material 3 axis:

x23' = "_23cos a - z31 sin a (56)

For "_23' to be zero:

_23COS(Z = "_31sinct

Ct = tan -1a;2--3
"g31

3.1.7. Free Vibration Analysis

The free vibration analysis solves for the frequency of vibration and mode shapes for a

specified number of modes up to a maximum number specified by the parameter MXROOT. Free

vibration frequencies and mode shapes can be calculated using either the determinant search

method or the subspace iteration method. Of the two methods, the subspace iteration method

appears to be the more accurate and economical. This is because the determinant search method,

using polynomial iteration as well as vector inverse iteration, is intended more for small banded

systems of equations. The subspace iteration method uses the more economical vector inverse

iteration, and performs the vector inverse iterations simultaneously for a number of the required

3.12



eigenvectors. This is especially efficient if the system is large enough to require out of core

solution.

The generalized eigenproblem for free vibration analysis is

= {,z}[M][¢,] (57)

where [K] is the stiffness matrix, [M] is the mass matrix, [4_] is an array of eigenvectors, and {2 }

is a vector of eigenvalues. Each eigenvector in IF] corresponds to a particular modeshape and the

corresponding eigenvalue in {2 } is the free vibration frequency squared in radians per second.

Normally the stiffness matrix in equation (57) is the linear stiffness based on the original

geometry. However, when a free vibration analysis is requested with large displacement this

stiffness is based on the updated geometry and includes the stress stiffening effect. The mass

matrix is also based on the updated geometry in this case. The stiffness matrix used in a free

vibration analysis is also modified for the spin softening effect due to rotational loads when a large

displacement analysis is requested. Therefore, the equation solved for a free vibration analysis

with large displacement is

{[KL] + [K_,L] -- mz[M]}[_] = {).}[M][_] (58)

where [Kt.] is the linear stiffness matrix and [KNt.] is the stress stiffness (or nonlinear) matrix, and

co is the rotational speed in radians per second.

The mass matrix is calculated element by element at the same time as the stiffness matrix.

The equation for calculating the mass matrix for an element is

+1 +1 +!

  °fff
-I -I -I

p [Hi] r [Hi] IJ Idr ds dt

which becomes a summation of the contribution of each integration point using numerical

integration. These elemental mass matrices are saved and assembled into a system mass matrix.

The mass matrix used for the vibration analysis is a lumped mass matrix, which

contributes to the economy of the problem without losing much accuracy. The solution schemes

(59)
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include the capability to use a consistent mass matrix and the calculations to form elemental

consistent mass matrices are also present in the code; however, the storage of these elemental

matrices as well as the storage of the assembled consistent mass matrix has not been implemented.

In the lumped mass calculation, only the diagonal terms in the mass matrix integral

equation are used. This results in a vector which contains the mass associated with each node.

Each of the three degrees of freedom for a node has this same mass unless the degree of freedom is

prescribed, in which case the associated mass for that degree of freedom is zero.

The eigenvectors represent the vibration modeshape and are normalized such that the

maximum amplitude is 1.0. The kinetic and potential energies for each mode of vibration are

calculated using the eigenvalues, _, normalized eigenvectors, [_], displacements, [u}, lumped

mass matrix, [M], and stiffness matrix, [K], according to the equations

KE = _°2
-_- {_}r[M]{_}

PE = ½[u}r[K]{u}

The modal mass is then calculated from the kinetic energy using the equation

(60)

(61)

2 KE
m = 0)2 (62)

with the the understanding that the normalized modeshapes represent a maximum deflection of 1.0

to arrive at the proper units of Ibm.

The frequencies of vibration resulting from this analysis are printed on the results file

(NT4) in CPS along with the potential energy, kinetic energy, and modal mass for each mode of

vibration. The normalized mode shapes are printed on two files, NT68 and NT69. File NT69

contains only the normalized mode shapes in a node, dX, dY, dZ form for possible plotting

purposes. File NT68, called a RAX file, contains the nodal masses as well as the frequencies and

normalized mode shapes. This file can be used in calculating mode shape slopes, which are used in

a flutter analysis.

A calculation of mode shape slope for blade vibration can be obtained on a limited basis

for each vibration mode found. This calculation will be automatically initiated if a file with the
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name SLOP (all uppercase letters) is found. The calculation of mode shape slope uses the equation

_b ._ _ _tt.e - + (_at2 - _arz) (63)

where 6t is tangential deflection, 6a is axial deflection, subscript LE refers to leading edge,

subscript TE refers to trailing edge, and subscript MC refers to midchord.

3. I. 8. Buckling Analysis

Buckling analysis is very similar to a free vibration analysis. The generalized

eigenproblem for buckling is

[KL][_ ] = {_.}[- K2vL]{_} (64)

where [KL] is the linear stiffness matrix and [KNL] is the stress stiffness (or nonlinear) matrix.

Note that the negative of the stress stiffness is used. The eigenvectors in this case are normalized

buckling shapes and the eigenvalues are multipliers to the current load that would give the critical

load. This means that an eigenvalue of 1.0 indicates that the load is at the critical value. A

negative eigenvalue indicates that buckling cannot occur in the current load configuration.

The inherent assumption in using the eigenvalues as load multipliers is that the load to

stiffness relationship is linear. This may not be the case especially if the multiplier is large meaning

that the applied load is a great deal less than the critical load for that distribution. To get a more

accurate picture of the critical value for the load distribution it may be necessary to scale the load to

the critical value (or closer to it) so that the linear assumption will be more accurate. Regardless, a

positive eigenvalue greater than 1.0 indicates that buckling will not occur for the applied load,

while a positive value less than 1.0 indicates buckling will occur for that load.

Buckling analysis can be turned on and off from load case to load case. Stiffnesses

relating to the original configuration or to the current displaced configuration can be used allowing

geometric nonlinearities to be taken into account.
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3.1.9. Micromechanics Analysis

Composite micromechanics analyses in the CSTEM program are performed using a

modified version of the ICAN computer program obtained from NASA-Lewis. This program and

• the inputs are described in the ICAN User's Manual, which is included as an appendix. In the

CSTEM application these inputs are obtained from the CSTEM input deck, are calculated from the

results of the CSTEM finite element program, or are defaulted to a value such that a certain type of

analysis is always performed.

3.1.9. 1. Data Bank of Constituent Properties

The ICAN materials data bank is assumed to exist as a file called 'ICANBNK' on the

machine where the CSTEM program is being run. This file is opened by the CSTEM program

(subroutine RDCAN) when the option for ICAN generation of material properties is activated.

3.1.9. 2. Calculation of Ply Material Properties

The ICAN routines can be accessed in two separate ways. This results from the fact that

the ICAN program itself incorporates routines from a program called INHYD which calculates

layer properties from the constituent fiber and matrix properties. These ICAN/INHYD

routines can be accessed to generate elastic material properties for composite systems whose

constituent properties are contained in a data bank. Section XIV.3. in the CSTEM input sheets

describe the input variables for this type of use.

The inputs needed to use ICAN to generate elastic properties are those contained in the Ply

Details cards and Material System Details cards described in the ICAN User's Manual. The

material identification number is assigned consecutively in order of input. All properties are

returned in the local material coordinate system and are incorporated into the global system by the

CSTEM program so that the orientation angle and thickness in the Ply Details card group are not

necessary. The use temperature is passed from the CSTEM program to the ICAN/INHYD routines

and is interpolated from nodal temperature values. There is a check for a trash temperature value
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of 1234567. in which case a reference temperature of 70F is used. At present this would occur only

if using the linear heat transfer analysis option without a corresponding structural analysis.

Material properties for a particular combination of unidirectional ply orientations can also

be created. The individual unidirectional plies with the specified orientations are combined

together into a laminate with ICAN. The laminate properties are then used as the material

properties. This capabiltiy can be used to simulate 2D composite weave material properties.

3.1.9. 3. Detailed Microanalyses

The use of ICAN as part of the CSTEM program for micromechanics analysis requires

only that the material properties be generated by ICAN as previously described, that the location(s)

where the analysis applies be specified, and whether strains/curvatures or stress resultants are to be

calculated from the finite element results as input for the ICAN analyzer. The ICAN analysis is

done immediately after the structural results have been computed and printed out so that an ICAN

load case corresponds to a structural load case. However, an ICAN analysis can be done for up to a

maximum number of different cross sections in a load case. This maximum is set by the parameter

MXILC in the ICAN routines.

The cross sections within the structure where the ICAN analysis is to be performed are

specified by inputting the surface element of a cross section. Section XXV. in the CSTEM input

sheets describe these inputs. The cross section is then determined by finding the elements along the

LAX axis from the surface element. The cross section elements should be lined up normal to the

layers so that a true cross section is obtained. A maximum number of elements, defined by the

parameter MAXIEL, can be in a cross section.

The calculations to obtain the necessary information for ICAN are done at user specified

locations on the midsurfaces of the layers within the elements in the cross section. These specified

locations are either the centroids, gauss points, or nodes of the cross section elements.

The number of layers in the cross section are determined by counting the number of layers

in each consecutive element of the cross section starting from the bottom of the laminate (negative

LAX). There is no check for layers extending between elements, so if a layer lies in two adjacent
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elementsit would be treated as two layers having the same orientation. The maximum number of

layers through the cross section that can be handled is set by the parameter MAXPLY.

The analysis options set by the booleans described in the ICAN User's Manual are

hardwired in the program as follows:

COMSAT True

BIDE True

CSANB False

NONUDF True

The boolean R.INDV is determined by the CSTEM input variable ICAN.

RINDV is True if ICAN = 1 and False if ICAN = 2.

Much of the datarequiredby ICAN as describedin the Ply Detailscards and Mamrial

System Detailscards of theICAN User's Manual isalready availablefrom the generation of the

materialpropertiesusing theICAN /INHYD routines.The percentof moisture foreach layer,

which was inputforthe generationof materialproperties,istransferredto storagein arrayPL (row

72) foruse by ICAN.

The use temperaturefor each layerisinterpolatedfrom the temperatureof the element

nodes to the midsurface of the layer using the element shape functions. ICAN uses the difference

in this use temperature and the cure temperature of the material. This value is stored for each ply in

array PL (row 50).

The thickness of each layer at the specified location is found as the fraction of the layer in

the cross section thickness. The cross section thickness is found by summing element thicknesses

calculated as projections on the surface normal of the scaled through thickness structural axis at the

lower element face. This value is stored for each layer in array PL (row 7).

The orientation angle of the layer is obtained from the element layer information stored

using the LAYIO routine of the CSTEM program. This angle is placed in the THLC vector used by

the ICAN routines.

The bulk of the calculations done using the finite element results are to obtain the loadings

for the ICAN analyzer. These calculations assume that the strain varies linearly through the cross
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section,while thestressmaybediscontinuous.The loadingscanbeeitherstrainsandcurvaturesor

loadsin theform of stressresultantsandcouples. Strainsandstressesat thecrosssectionelement

integrationpoints,alongwith theelementgeometryinformationarethequantitiesusedfrom the

finite elementanalysis.Theintegrationpointsaregenerallyin aGaussdistribution oneachlayer

midsurface. In thecaseof anelementwith only onelayerthe integrationpoints will be in athree

dimensionalGaussdistribution.

For thestrainandcurvatureloadingoptionof ICAN, the strains and curvatures at the cross

section midsurface (reference plane) are needed. The strains are calculated by first determining the

thickness through the entire cross section as the distance between the location on the upper surface

of the cross section and the location on the lower surface. These locations are specified by input

and their coordinates are calculated using shape functions and nodal coordinates. Once the cross

section thickness has been determined the layer thicknesses are summed beginning from the bottom

surface until this sum exceeds half of the cross section thickness. The strains at the integration

points of the element in which the reference plane lies are then interpolated to the user specified

location on the reference plane using Lagrange interpolation functions.

The reference plane curvature is calculated using the equation for strain from laminated

plate theory which can be written as:

{,} = {,0}_ z{_¢0} (65)

where{,°1is_oro_ronoopla_os_o,{_°/isther_roncopl_nocurva_,_zis _o_sta_co
from the reference plane to the location where the strain, {e}, is desired. This equation can be

solved for the curvatures:

{_0}: c_/z)¢(,0}-_,t_ ¢66_

The curvatures can be calculated using this equation, the strain at the top layer of the cross section,

and the distance from the reference plane to the specified location on the top layer.
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The in plane stress resultants or membrane loads used by ICAN can be calculated using

the equations

+h/2
t"

Nx = / Ox dz
d

-h/2
+h/2
t"

Ny = J Oy
dz

./

-h/2
+h/2

/.

Nxy "- I Zxy
clz

d

-h/2

(67)

(68)

(69)

The equations for the stress couples or bending resultants are

M X

My =

+ h/2

f oxzdz

- h/2
+ h/2

f oyzdz

-h/2
+ h/2

Mxy = f

-h/2

Zxy z clz

(70)

(71)

(72)
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The equations for the transverse shear resultants are

+ h/2

= / Xxz dz (73)Qx
J

-h/2

+h12
¢

QY = I Tyzdz (74)
d

-h/2

In the previous equations, h is the cross section thickness and z is the distance from the

reference plane.

Since the stress through the cross section is assumed to be piecewise linear these equations

must be integrated piecewise, integrating over each individual layer and summing the layer results

over the cross section. For the membrane loads this can be written in general as

z_

LI{N} = Z {o } dz

I
z/"

(75)

where Zr is the distance from the reference plane to the layer midplane and the summation limit, L,

is the total number of layers in the cross section. The upper integral limit, z +, can also be written

as Zr + ht/2 and is the distance from the reference plane to the upper surface of the layer being

integrated. The lower integral limit, zr", is similarly Zr - hl/2. Assuming the stress to be linear over

the layer

Z !

{o } = {Omid} + _({Otop}-{Obot}) (76)

where {Omid} is the layer midsurface stress, {otop} is the stress at the layer top surface, {olaf} is the

stress at the layer bottom surface, and zl is the distance from the layer midsufface to a point in the

layer and can also be written as

ZI -- Z -- Zr (77)
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Substituting this stress function into the integral gives

zt{Aa} Ih Zr dz

z;-

(78)

where {Ao}

loads is

= {atop}- {abot}

When the previous equation is integrated, the resulting general equation for the membrane

L

{N} = _'_{amid}h
I

The transverse shear resultant integrals are of the same form as those for the membrane

loads. The bending resultants are somewhat different and use of the same procedure results in a

general equation for the bending resultants:

L

{Aa} h2
{M} = Z{gmid}Zrh + 12

I

(79)

(80)

The quantities needed in the equations for the loads are obtained by looping through all the

layers beginning from the bottom of the cross section, calculating the contribution of that layer to

the loads and summing. The stresses at the middle, top, and bottom surface locations are calculated

from the strains at these same locations. The strains are interpolated from all the integration points

within the element using Lagrange interpolation functions. Temperatures at the middle, top, and

bottom surface locations are interpolated from the element nodes using the element shape

functions. The material matrices are then calculated so that the stress at these points can be

obtained from the strains.

3.1.10. Enhanced Shear Stress Recovery

Calculation of interlaminar shear stresses for layered finite elements presents a particular

difficulty due to the discontinuous nature of these stresses at the layer interfaces. The main
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difficulty is that of determining (or assuming) which components of stress and strain are continuous

across the interface. Assuming that the interface remains perfectly bonded requires that the

displacements u, v and w must all be continuous across the interface. The usual finite element

method of stress recovery makes use of the derivatives of the element shape functions to calculate

strains, then calculates stresses from these strains. This implies continuity of strain across layer

interfaces.

Examination of equilibrium considerations at a layer interface requires that stresses acting

out of the plane of the layers (across the interface) must be continuous. This means that in plane

strains and out of plane stresses are the quantities which remain continuous across layer interfaces,

which is in contra_ction to the usual finite element stress recovery method. The out of plane

stresses calculated by the finite element method will be discontinuous, and generally represent an

average value through the layer.

For this reason, there is an enhanced interlaminar shear stress recovery procedure available

in the CSTEM program which allows an alternate method of calculating interlaminar shear stresses

to be used. This method makes use of the stress equilibrium equations and the in plane stresses

calculated using the usual finite element stress recovery method.

The differential equations of equilibrium are arrived at by considering a small rectangular

volume under a general state of stress. Summing forces due to the stress components acting oyer

the differential faces of the volume results in the following equations of equilibrium:

8Ox + _SXxY + _xz + X -- 0
0x #y 0z

0Oy O_xy a_gyz

O--y"+ a_ + ,9_ + Y = 0 (81)

OOz 8'txz 8"tyz

+ + + z = o
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where X, Y, and Z represent forces acting on the volume. Looking at the second of these equations

and ignoring the body force, Xyz can be solved for :

OOy _xy• yzffi (82)

If the layers in the finite element are thin, the stress components on the right side of the

above equation can be assumed to vary linearly through the layer thickness. Since the in plane

strain components are continuous as assumed by the finite element method, the in plane stress

components calculated using the usual finite element stress recovery method are accurate. In the

CSTEM program these stress values are calculated at integration points, which are located at the

layer midsurfaces. The in plane stress gradients can be approximated by interpolating the in plane

stresses to some desired location and to points which are a small x and y distance from the desired

location. By using a simple rectangle rule, equation (82) can then be integrated layer by layer to

give the desired enhanced interlaminar shear stress result.

Equation (83) illustrates this method, where hi is the layer thickness, z_ and Ay are the

(83)

small x and y distances from the desired location, and n represents the layer number. If no traction

loads are applied, Xyz is zero at the top of the first ply (i.e. (xyz)0 = 0). A partial sum of these

quantities (from a free face, down to an interface) is equal to the shear stress acting on that

interface. The Xxz stress component can be found similarly.

An additional feature of this method which can be applied makes use of the fact that the

usual finite element method of stress recovery will result in some average out of plane stress that

accurately predicts the shear stress resultant within the element. This resultant can be used to scale

the enhanced shear stress profile to give the same shear stress resultant as determined using the

usual finite element stress recovery method.
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3.1.11. Nonlinear Material Analysis

The capability to perform several types of nonlinear material structural analyses exists in

CSTEM. These include plasticity, damage, and creep analyses. Several different models to

describe these types of nonlinear material behavior are available. The different models are

generally applied to a particular material type, so that several models may be included in a single

structural analysis which contains several material types, or a single model may be applied to

several material types as desired by the user. Some combinations of the different models may not

be appropriate if the input constants supplied by the user have been generated independently with

no consideration of interaction between the phenomena which the various models attempt to

predict. This may be particularly true with respect to the combination of damage with plasticity

and/or creep. If used together, the sequence is to perform the plasticity analysis first, then the

damage analysis, then the creep analysis.

3.1.11. 1. Iteration Methods

All nonlinear material analyses in CSTEM are iterative in nature. The iteration methods

used in CSTEM are one of two types: initial stiffness (right hand side) or tangent stiffness. The

following descriptions are based on plasticity iteration, but are similar for damage and creep.

Creep models are only available using the initial stiffness method of iteration.

3.1.11.1.1. Initial Stiffness Method

The initial stiffness iteration methods are also known as right hand side or initial stress

methods. With this method, the initial elastic stiffness matrix is used throughout the iteration

process. The extra displacements due to the inelastic strains are accounted for by the use of

inelastic pseudo forces applied to the model. There are two slightly different initial stiffness

methods which can be chosen by the CSTEM user as described in Section 4.1.1.3.4. The ftrst

calculates the pseudo forces as the residual forces resulting from the imbalance between applied

forces and internal forces due to the stresses. The second method, which is the default, calculates
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thepseudoforcesdirectlyfrom theinelastic strains. Figure 11.chartsthe initial stiffnessprocedure

with the pseudo force calculated directly from the inelastic strains.

Prior to beginning the iteration process, elastic displacements for the new load condition

are calculated assuming purely linear material behavior from the previous load condition. Any

nonlinear material behavior which occurred in a previous load condition is included by the

application of the pseudo forces calculated from the previous nonlinear strains.

For the first iteration, the current inelastic strain increment and pseudo force increment are

zero, ({See} = 0 and {SPinelas} =0). The following steps are performed at each integration point

within every element.

The total strain is calculated from the total displacements as

{etot} i --- ['B]r({d} + 18d} i-l) (84)

Elastic strains are calculated by subtracting any thermal strains, previous inelastic strains,

and current inelastic strain increments. Stresses are calculated from these elastic strains:

{ :t{O} i = [D] {_tot}i--{Etherm}--{_inelas}--{_l_inelas (85)

For orthotropic materials the stresses, strains, and material matrix are transformed into the

local material coordinate system. For a layered fibrous composite these quantifies are oriented with

11 in the fiber direction, 22 in the layer plane transverse to the fibers, and 33 out of the layer

material plane. Material properties (such as stress-strain curves, creep coefficients, damage

coefficients) are interpolated to the temperature of the integration point. The inelastic material

model is then entered which calculates an inelastic strain increment. Convergence at the

integration point is checked by comparison to incremental values from the previous iteration. The

newly calculated inelastic strain increments are stored and the contribution of the integration point

to the inelastic pseudo force is then calculated. The incremental pseudo force calculation

represents the primary difference between the two different initial stiffness methods in CSTEM.
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1 ElementLoop ]

I Integration Point Loop I

form elastic material matrix, [D]
/.

calculate stiffness • [K] = I,, [BIT [D] [B] dV
_, y

calculate applied loads, {F} app
/.

calculate pseudo force" {F}inelas "- I.. [B]T [D] {einelas} dV
JV

where { tinelas} are previous inelastic strains ; initially { tinelas}=O
.Q
.0

assemble global stiffnesses and forces,

modify for prescribed displacements,

rotate for skew boundary conditions

solve for displacements" {d} = [K] -! ({F}ap p + {F}ineiu)

[ Iteration i ]

1 Element Loop !

] Integration Point Loop I

i-I
total strain" {e}i = tBIT({d} + {Sd}inelas)

elastic strain" {,¢}i ... {,}i- {'therm}- {'in¢las}- {8"in¢las} i-.

where { 6einetas} are inelastic strain increments ;{ 6einelas}=O for 1st iteration

stress" {O} i = ID] {Ee} i

constitutive model predicts inelastic strain increment: {_inelas} i
P

force increment {SF i [ dV• }inelas ---- [B] T I'D] {_inelas} ipseudo

JV
i

backsubstitute for displacement increment" {Sd} i = [K] -1 {SF}inelasinelas

convergence check: ( {8einelas }i _ {8einelas }i-1) < TOL

or ( { _l_inela s }i _ {_l_inela s }i-1) / { 8einelas }i < TOL

update inelastic strains" {eine,as ] - {'inelas} + {_l_in¢las}

update displacements" {d} - {d} + {Sd}inelas

FIGURE 11. INITIAL STIFFNESS FLOWCHART
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The first method calculates the incremental pseudo force as the residual force resulting

from the imbalance between applied forces and internal forces due to the stresses:

{_Finelas} i -'- {Fapp}- fv ['BL]T{o} dV (86)

where {lapp} is the applied force.

In the second method, the incremental pseudo force is determined directly from the

incremental inelastic strains as:

{_Finelasli fv
= ['B] T [D] {(_inelas} i dV (87)

Once the contributions from all elements have been calculated, the elemental pseudo

forces are assembled into a global pseudo force and incremental displacements are determined by

backsubstituting the incremental pseudo force into the decomposed initial stiffness. If convergence

at all integration points was not achieved, another iteration is begun.

3.1. 11.1.2. Tangent Stiffness Method

The tangent stiffness method reforms the stiffness matrix to account for the increased

flexibility in the structure due to the occurrence of inelastic strains. This is purely an incremental

method, with even linear elastic solutions performed in an incremental manner. The default tangent

stiffness method implemented in CSTEM is a modified Newton-Raphson method. The stiffnesses

are not reformed with each inelastic iteration, but are updated at the beginning of each new load

condition only. The user can change the stiffness recalculation frequency by using the NRIT

keyword option as described in Section 4.1.1.3.5. During the iteration process, the inelastic

incremental displacements are accounted for by incremental pseudo forces in a manner similar to

the initial stiffness method. The Sun orthotropic plasticity model and the ceramic matrix composite

damage model, CMCUMAT, can be used with the tangent stiffness method as well as with the

initial stiffness method. Stiffness calculation can be time consuming, so elements which do not

have additional inelastic strains occurring in the load increment will not have stiffnesses reformed.

Of course, if there are conditions in the next load condition which would require reforming the
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stiffness (such as changes in temperature or material) then the stiffness will be reformed as usual.

For load conditions which cause elastic unloading, the stiffness of unloading integration points

which were previously inelastic will be recalculated during the iteration process using the initial

stiffness since the tangent stiffness is always used at the beginning of a load condition when.

reforming the stiffness.

3.1.11.2. Plasticity Analysis

The plasticity models in CSTEM predict time independent nonlinear behavior for

materials subject to cyclic loadings and large, nonuniform excursions in temperature. There are

currently two isotropic material plasticity models and one orthotropic material plasticity model

included in CSTEM. The isotropic material models are a kinematic hardening plasticity model and

an isotropic hardening plasticity model. The orthotropic material model is the C.T. Sun plasticity

model. A user interface (CHOOK) for user defined plasticity models is also available.

3.1.11.2.1. Isotropic Material with Kinematic Hardening

This model utilizes the McKnight modification of the subvolume method originally

proposed by Besseling. It assumes that each volume of material consists of different subvolumes

of elastic - perfectly plastic material with the same elastic properties but different yield strengths.

The total strain is the same in each subvolume, so the difference between subvolumes occurs in the

proportion of elastic and plastic strains in each. The combined stress-strain ettrve for the full

volume of material decreases in slope as the stress reaches the yield stress for a subvolume and that

subvolume ceases to carry additional load. The mathematical model thus produces a piecewise

linear, strain hardening stress-strain curve. The Bauschinger effect (subsequent yield stress after

yielding in the opposite loading direction) is modelled as kinematic hardening, which assumes that

reyielding will occur after traversing a stress range of two times the initial yield stress. If viewed in

terms of a yield surface, the yield surface remains a constant size but moves due to yielding and

inelastic action. Figure 12. illustrates the Bauschinger effect. As implemented in CSTEM, this

model works in terms of strain rather than stress.
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FIGURE 12. BAUSCHINGER EFFECT THEORIES

In order to utilize uniaxial stress-strain data, scalar quantifies obtained from multiaxial

stress and strain tensors are used throughout the plasticity model. These scalar quantities are called

effective stresses and strains. The uniaxial stress-strain data can be converted to effective

stress-strain data and used directly with the calculated effective stress and effective strain states to

determine the effective plastic strain increment. Essentially, the effective stress is checked against

the yield stress using the Von Mises yield criterion. If yielded, the effective plastic strain increment

is determined from the uniaxial effective stress-strain data. The components of the plastic strain

increment tensor are determined by using a flow rule associated with the Von Mises yield criterion

called the Prandfl-Reuss flow rule, which relates the components of the plastic strain inc_ement

with the current stress components.

The Von Mises yield criterion, used to define the onset of inelastic behavior, can be written

_ieM I [(O'x"O'Y)2 )]= + (O'y--az)2 + (o'z--o'x>2 + 6(cr_ + o'_ + cr_

This leadstothedefinitionof thescalarquantitycalledeffectivestress.

°'eft- 722 _/i_x- ay)2 + (ay-az)2 + (orz-ox>2 + 6(a_ + (72 + 0 .2 )

(88)

(89)
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The Prandtl-Reuss flow rule requires that the plastic strain increment at any instant of

loading be proportional to the instantaneous deviatoric stress (i.e. normal to the yield surface). This

can be written in terms of stress and strain components as

6_py = 2_3_2[Oy - ½(oz+ ox)]

The proportionality constant, 5_., can be derived by making use of the yield criterion giving

(90)

6_ -- 3 6Ep
2 oe_ (91)

where the definition for effective strain is used to give the effective plastic strain increment as

3,p= _V/(fePx - 6,yp)2 + (6,yp- 6,:) 2 + (6,{ - 6_px) 2 + 6(6_ 2 + 6,yPz2 + 6c-P_2) (92)

A more detailed explanation can be found in the book by Alexander Mendelson titlod

Plasticity: Theory_ and Application published by the MacMillan Company. The subvolume method

as used in CSTEM is described in the Ph.D. dissertation of Richard McKnight titled a_.illilg.,l_dae_

Cyclic Thermoplastici .ty Analysis by the Method of Subvolumes. University of Cincinnati, 1975.

3.1.11.2.2. Isotropic Material with Isotropic Hardening

This model is a simple stress based plasticity model, utilizing the input stress-strain curve

in effective form and the current effective stress state to determine the plastic strain. This model

does not perform well for reverse cycling plasticity problems, and its use in such cases should be

avoided. It should essentially be used for analysis of structures with yielding and subsequent

elastic cycling only or continued yielding in the initial yield direction (tension or compression).
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This modelutilizestheVonMisesyield criterion, definition of effectivestress,and

Prandtl-Reussflow rule (equations(88), (89),and(90)), similar to thekinematichardening

plasticity model.

3.i. 11.2.3. OrthotropieMaterial

Thismodelusesthemethodof C.T Sunto predict3D plasticity. It is basedon the

assumptionthatthereis noplasticity causedby uniform dilatation asopposedto theusual

assumptionin the isotropicmodelsthat hydrostaticstresscausesnoplasticity. This wasverified by

finite element analysis of a representative volume of fibers in a matrix in which the constituents can

be modelled using isotropic material plasticity. Loading the model in a hydrostatic stress state

(ol 1=o22=o33=o) results in nonlinear response in the transverse normal strains with stress, while

loading the model in a uniform dilatational state (e 1 l=e22=¢33=e) results in a linear stress--strain

response. Based on this assumption, Sun proposed a plastic potential function of the form:

2f..(crij) = Al2(Crll - cz120"22) 2 + A23(a22 - a23cr33) 2 + A13(0"33 -- a31all) 2 4-

2aa4cr 2 + 2a55(7123 + 2a66a22 (93)

where the constants A/j and aii are determined from material testing. ,423 -- 1 is generally used. If

there is no plasticity in the fiber direction, (de_l - (3), then AI2 = A13 = 0. If the material is

transversely isotropic then _23 = 1 and 044 = ct55.

The coefficients aij are based on the elastic constants of the material so that the initial

plastic anisotropy is influenced by the elastic anisotropy of the material. These coefficients are

defined as

a12
Cll -t- C12 4- C13

C12 q'- C22 -'i- C23

C12 + C22 4- C23
a23 = (94)

C13 -t- C23 -I- C33

a31
C13 + C23 + C33

Cll ÷ C12 + C13
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As implemented in CSTEM, these coefficients can be artificially set to any value or allowed to

assume the defined values based on the elastic constants. Setting these coefficients all to a value of

1 results in Hill's theory of plasticity for orthotropic materials.

The associated flow rule for the potential function of equation (93) is

d@. = d2. af (95)
:1 OUij

The effective stress is defined as _ = v/_. Substituting equation (93) gives

_-2_ 3 [A12(O.11__12¢722) 2 + A23(022_a23a33) 2 + At3(033_a31¢711) 2 + (96)

2a44¢7223 + 2a55¢723 + 2a660"22 ]

By differentiating the effective stress, the effective stress increment can be written as

[a.lo 2-a23o.)
[A13/o33-a31 11)
[ 2a4.4a23] d_723 +

-- A13a31(o'33 -- 6310"11)] dO'll +

- Al:,at2(all - a12022)]do22 +

-- A23u23(a22 - u23a33)]do'33 +

[2a55_13] riG13 + [ 2a66_r12] d1712 } (97)

When the associated flow rule is combined with the detrmition of effective stress and the

concept of plastic work, the proportionality factor, d2, can be obtained as

3a ' 3_a 
d2 -- _-_ - 2H_ (98)

a_Y is obtained from the effective stress - effective plastic
where the plastic modulus, H t, = _,

strain curve obtained from material testing.

Material testing to obtain the necessary constants involve tension tests of off-axis

specimens. The material potential function constants of equation (93) determined from these tests

must be chosen so that the resulting effective stress - effective plastic strain curve is independent of

the in plane orientation of the material. Using equation (96), definition of the potential function

constants allows calculation of the effective stress from the uniaxial test stress component. The
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effective plastic strain can then be obtained from the flow rule (equation (95)), giving

(f_p) 2 m

A, 3 + A ,-,2 _,,p ,/, + (A12a12a23 + Al3a31)e_ee_ 3 + (A23a23 + A12a22a23)_lle_ 3__ _ "a23"_23]_11 22

AI2A13aI2 + A12A23a12a23 + A13A23a31a23

+2 + +a55 a66

Referring to the equations listed above, the steps involved in calculating an increment of

plastic strain using the orthotropic plasticity model as implemented in CSTEM are listed below.

• Calculate stress from elastic strain.

• Stress increment obtained

by subtracting previous load case stress from current load case stress.

• Interpolate material constants for temperature (Az2, A23, A13, a44, a55, 0.66)

( a12, a23, a31 may be calculated from elastic constants or interpolated from input).

• Calculate effective stress, _, using interpolated constants and current stress. (96)

• Calculate effective stress increment, da, using interpolated constants, current stress,

current effective stress, and stress increment. (97)

• Interpolate master effective stress - effective plastic strain curve for temperature.

• From curve, determine effective plastic strain corresponding to current effective stress

(yielding occurs if effective plastic strain > 0).

• Determine plastic modulus as differential of power law curve or as slope of portion of

piecewise linear curve containing current effective stress.

• Calculate proportionality factor, dk, using current effective stress, effective stress

increment, and plastic modulus. (98)

• Calculate plastic strain increments from flow rule using dk, interpolated material

constants, and current stress. (95)

• Calculate effective plastic strain increment using dk, and current effective stress. (98)

These steps are performed for each integration point. Iteration continues until

convergence is achieved.

(99)
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A more detailed description of this plasticity model can be found in "A Plastic Potential

Function Suitable for Anisotropic Fiber Composites", J.L. Chen and C.T. Sun, Journal of

Composite Materials, Vol. 27, No. 14, 1993.

3.1.11.2.4. CHOOK User Plasticity

A method is available by which a user's custom plasticity model can be included for use in

CSTEM. User plasticity requires the user to compile the user plasticity model with the CSTEM

code. The user plasticity model receives information from CSTEM and returns information to

CSTEM through a single routine called CHOOK, which links the user plasticity model into the

CSTEM iteration scheme. The calling arguments of the CHOOK routine contain vectors which are

sized by user specification of certain input deck variables. These vectors contain some predefmed

quantities, such as stress, strain, temperature, etc., as well as user def'med information about the

current state of the material. The user updates and stores whatever intemaUy generated user

defined information is needed by the model in these vectors within the vector lengths defined by

the input deck variables. The vectors are returned to CSTEM and stored on a random access file

for each calculation location. Calculations are performed at each integration point in the finite

element model. Figure 13. shows the CHOOK calling sequence and the predefined vector

locations. User model data is stored after the predefined data locations. Section 4. I. 12.3.3.

describes user plasticity inputs as entered on the input deck.

The predefined parameters in the integer properties vector, IPROPS, are all defined by

CSTEM with the exception of IPROPS(5) and IPROPS(6). The structural/heat transfer flag is 0 for

structural, 1 for heat transfer. For user plasticity, this will always indicate a structural solution..

The material number, iteration number, integration point number, element number, and cycle

number are all fairly self explanatory. The debug flag can be set by the plasticity debug keyword

input. The units flag will always indicate 0.
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SUBROUTINE CHOOK

(IPROPS, LIPS, RPROPS, LRPS, EPSI, LEPS,

STATP0, STATP, LSTP, STATM0, STATM, LSTM, D)

LIPS

IPROPS RPROPS
m

(I) I ST/HTFLAG
(2) I MATERtAL#
(3) I ITERATION#
(4) I Ur,aTSFLAO
(5) I CALCULATE [K]FLAG
(6) I CONVERGENCE FLAG

(7) [INT.PT.NUMBER

(8) I ELEMENT NUMBER

(9) [ DEBUG FLAG

(lO)ICYCLE NUMBER

EPSI

1"1(1)--<6)
LEPS 11 (7)--(12)

TOTAL STRAIN

INCREMENT

RATE

LRPS

m

(I)
(2)
(3)
(4)
(5)
(6)

(7)

(8)

(9)

(10)

(II)

(12)

(13)

(14)

(1_

PLASTIC TOL, PTOL

CREEP TOL, CTOL

TEMPERATURE

TEMP INCREMENT

TIME

TIME INCREMENT

REF TEMP

DENSITY

TEC, cxl

TEC, a2

TEC, a.:3

CON'D, kl

COND, k2

COND, k3

SPEC I-IT, Cp

LSTP

STATP

f (1)--(6)

(7)-(12)

(13)--(18)

(19)--(24)

(25)-(30)

STRESS

THERMAL STRAIN

CREEP STRAIN

PLASTIC STRAIN

DAMAGE STRAIN

LSTM-

STATM

(I)--(6)

(7)-(12)

(13)-(18)

(19)-.(24)

(25)-(30)

(31)--(36)

(37)--(42)

(43)--(48)

FIBER STRESS

THERMAL STRAIN

CREEP STRAIN

PLASTIC STRAIN

MATRIX STRESS

THERMAL STRAIN

CREEP STRAIN

PLASTIC STRAIN

FIGURE 13. USER PLASTICITY INTERFACE SUBROUTINE CHOOK
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The user should return appropriate values for IPROPS(5), and IPROPS(6). IPROPS(5)

contains a flag for use with the tangent stiffness iteration technique. IPROPS(5)---0 indicates not to

recalculate the element stiffness based solely on user plasticity results, IPROPS(5)= 1 indicates

recalculation of the element stiffness should occur regardless of any other considerations. The

choice of modified or full Newton-Raphson iteration techniques determines when this

recalculation occurs. IPROPS(6) is a flag indicating convergence. IPROPS(6)--0 indicates no

plasticity occurred (elastic only), IPROPS(6)-I indicates converged plasticity, IPROPS(6)-2

indicates uneonverged plasticity. For use with the tangent stiffness technique, IPROPS(6)=--1

indicates elastic unloading. CSTEM will perform convergence checking if IPROPS(6)= 100 is

returned. CSTEM performs convergence checking using a default value and technique, which is to

declare convergence when the change in Von Mises effective plastic strain increment between

iterations is less than 1.E-5 inches/inch at each integration point.

The variables in the real properties vector, RPROPS, are all defined by CSTEM for use in

the user subroutine. The plastic convergence tolerance, RPROPS(1), and creep convergence

tolerance, RPROPS(2), are values input by the user. The temperature, RPROPS(3), is teh current

temperature, after application of the temperature increment, RPROPS(4). The temperature prior to

the temperature increment is obtained by subtracting RPROPS(4) from RPROP$(3). The same is

true for the time, RPROPS(5), and time increment, RPROPS(6). The properties are at the

temperature contained in RPROPS(3).

The variables in the strain vector, EPSI, are the current total strain, the current total strain

increment, and the current total strain rate. To obtain the total strain at the previous converged

solution point, subtract the total strain increment from the total strain stored in EPSI. The total

strain rate is simply the total strain increment divided by the time increment.

The variables in the ply level state vector, STATP, are the values due to the previous

iteration. The stress is calculated from current displacements, the thermal strain is that due to the

current temperature, and the creep, plastic, and damage strains are those obtained from the user

models or other models as appropriate. The stress and plastic strain should be updated by the user

for the current iteration. The related vector, STATP0, contains the last converged values of the
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samequantifiesasin STATP.Whenconvergenceis achieved,the entire current STATP vector is

saved in STATP0, including any user quantifies which follow the predefmed variables. In this way,

the previously converged values are available for use in the user model in a subsequent load case.

The variables in the micro state vector, STATM, are not generated by CSTEM. They are

to be used as storage by the user routine. These quantifies are predef'med so that they may be used

for output purposes. Currently, there is no access to these quantifies for output. The vector

STATM0 is similar to STATP0 in that it contains the previously converged micro state variables.

User data specific to material type can be entered from the input deck. It is accessible for

use in a user material model through the routine UMATIO. The material data is stored in the same

order as read from the input deck. The length of the vector containing data for a material is

specified by the input variable MATQ, which may be different for each material.

\

SUBROUT UMATIO (IMAT, MATQ, V, IW)

MATL1

(-_ v(1)
(2) V(2)

(3) v(3)
(4) V(4)

MATQ "

(m) V(MATQ)

MATL2

(-_ v0)
(2) V(2)

(3) V(3)

(4) V(4)

MATQ

O4OOOO000O

oooooooooo

MATQ

ooo6oooeoo

eooooooo• •

V(MATQ)

MATL NMAT
m

(1)
(2)
(3)
(4)

(m)

v(x)
v(2)
v(3)
v(4)

V('MATQ)

FIGURE 14. USER MATERIAL DATA INTERFACE ROUTINE UMATIO
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3.I. 11.3. DamageAnalysis

Thereis onedamagemodel implementedin CSTEM. This model is dueto Leckieet.al.

andwasdevelopedfor usein CSTEM with funding from theEnabling Propulsion Materials

contract of the High Speed Civil Transport program. There is also a simple stiffness degradation

method as well as a method for implementing a user defined damage model.

Damage mechanics analyses may be performed using either an initial stiffness or a tangent

stiffness method (see Section 3.1.11.1.). An acceleration calculation is utilized for the pseudo

force initial stiffness method. This acceleration calculation can be modified or deactivated by the

user as described in Section 4.1.1.3.6. The acceleration calculations have resulted in faster

convergence of various damage loadings. In some cases, acceleration has also resulted in

non--convergence of load cases which do converge with acceleration turned off. If an unconverged

load case is encountered, the user should first attempt to restart the analysis from the last converged

load case, changing the acceleration iteration interval or turning acceleration on or off as

appropriate relative to the unconverged load case before resorting to a reduction of the load

increment.

3.1.11.3.1. CMCUMAT Ceramic Matrix Composite Damage Model

The damage model implemented in CSTEM is due to Leckie, et.al. This damage model is

for ceramic matrix composites and models matrix cracking, debonding, fiber breakage, and fiber

pull out. These different mechanisms produce a loss of stiffness and inelastic strains. The general

procedure is based on continuum damage mechanics and is applied in the CSTEM implementation

to a [0/90] laminate composite. Necessary material constants are obtained using the results of pure

tension tests of two laminate orientations, with each test involving a series of loading and

unloading sequences.

The CMCUMAT model is continuing to be developed. It is probably best, therefore, to

simply refer the reader to the latest documentation on the model, which is a currently unpublished

paper from the University of California, Santa Barbara Department of Mechanical and
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Environmental Engineering titled "Continuum Description of Damage in Ceramic Matrix

Composites" by Burr, Hild, and Leckie.

3.1. I 1.3.2. Polynomial Stiffness Degradation

The polynomial stiffness degradation model can be used as a simple method to change the

in plane elastic moduli (E 1, E2) as a function of stress and cycles. All other elastic material

constants remain unchanged. This change is calculated according to the equation:

I
where the constants A, B, C, D, SA, $B, SC, and Su are input material constants, N is the cycle

number, and a is the stress component corresponding to the modulus being considered.

3.1.11.3.3. DHOOK User Damage

A method is available by which a user's custom damage model can be included for use in

CSTEM. User damage requires the user to compile the user damage model with the CSTEM code.

The user damage model receives information from CSTEM and returns information to CSTEM

through a single routine called DHOOK, which links the user damage model into the CSTEM

iteration scheme. The DHOOK routine is identical to the user plasticity routine CHOOK, except

that it is accessed from the damage analysis iteration scheme rather than the plasticity analysis

iteration scheme. The calling arguments of the DHOOK routine contain vectors which are sized by

user specification of certain input deck variables. These vectors contain some predefined

quantifies, such as stress, strain, temperature, etc., as well as user defined information about the

current state of the material. The user updates and stores whatever internally generated user

defined information is needed by the model in these vectors within the vector lengths defined by

the input deck variables. The vectors ate returned to CSTEM and stored on a random access file

for each calculation location. Calculations are performed at each integration point in the finite

element model. Figure 13. shows the CHOOK calling sequence and predef'med vector locations,

which are identical to the DHOOK calling sequence and predefined vector locations. User data is

(1
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stored after the predefined data locations. The UMATIO routine concept shown in Figure 14. can

be utilized by the user damage model for access and storage of user material data.

3.1.11.4. Creep Analysis

Creep is time dependent plastic flow of a material. The creep response of a material can

typically be divided into three regions: primary, secondary, and tertiary. During primary creep the

material undergoes rapid inelastic response. During secondary creep the material undergoes a

nearly Linear inelastic response. Tertiary creep is another region of rapid inelastic response which

occurs prior to rupture. The creep models in CSTEM model primary and secondary creep regions.

There is currently an isotropic material creep model and an orthotropic material creep

model in CSTEM. In addition, there is a method available for the implementation of a user defined

creep model. Creep analyses are performed after any plasticity and damage analyses.

3.1.11.4.1. Time Incrementing

Creep occurs over a period of time (a time step) in which the loads and temperatures on

the model remain constant (a load ease). The time step is input for the load case with a method to

subincrement this time step selected by the user. There are two time subinerement methods

available.

The f'trst method is to use a defined number of equivalent time subinerements. This is a

fairly straightforward method. The user specifies how many subincrements are to be used in the

time step and each subinerement will be c)t = A tiN long for N subincrements. In order to

converge, the time steps in primary creep must generally be much smaller than the time steps in

secondary creep. This method requires the user to break up the creep time into steps that allow

reasonable time subincrements for the amount of creep experienced. If a time subincrement is too

large, convergence will not be achieved. If a time subincrement is too small, the analysis will take

an unnecessarily long time to complete.

The second method uses an undetermined number of variable time subincrements which

are calculated throughout the creep analysis by the CSTEM code to satisfy certain user defined
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constraints on stress increment, creep strain increment, and integration error over the time

subincrement. The length of time in each subinerement is increased or decreased as necessary so

that the maximum change over the time subincrement in each of these constrained quantifies is less

than a specified amount.

The constraint on stress increment makes the assumption that stress varies linearly with

time. The size of the next time increment is calculated from the size of the just completed time

increment using the ratio of the allowable change in effective stress to the maximum change in

effective stress at an integration point which occurred over the time increment, c_tk. The next time

subincrement, c_+l, is then calculated as

6tt+ 1 = t_tk(Aoe_)_.lo_able

(Ao_8.)m x (101)

The constraint on creep strain increment is similar to the stress constraint. It also makes

the assumption of linear change with time. The size of the next time increment is determined from

the previous time increment using the ratio of allowable change in effective creep strain to the

maximum change in effective creep strain at an integration point which occurred over the time

increment, c_k. The next time subincrement, 6tk+l, is then calculated as

Lice
eft] altowable

C_tk+ 1 ---- ¢_tk

The constraint on integration error assumes a second order error estimate, which is

error " -_-.t_dt2 (103)

The second time derivative in creep strain is estimated as

ec

= (lO4)

The maximum allowable integration error multiplied by the maximum allowable creep strain

increment over the time subincrement gives the error tolerance in terms of creep strain increment,

(1o2)
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so that the next time subincrement based on integration error is calculated as

_ allowable

t +c_t

(105)

The assumptions of linear change over time may be less accurate as the time increment

increases. For this reason a limit on the increase in time subincrement size is imposed. This is a

user specified limit, which defaults to a value of 1.5.

3.1.11.4.2. Creep Formulation

The creep formulation implemented in CSTEM actually calculates the creep strain rate,

found by taking the time derivative of the creep equation and using the average of creep strain rate

at the beginning and end of the time subincrement to calculate the creep strain increment This is

called a 2rid order Adams - Moulton method.

The change in stress from one time increment to another is accounted for in the rate form

of the creep equations. Changes in temperature are aeeotmted for by interpolation of the creep

constants to the temperature of the integration point. This changes the actual creep curve being

used. The method used to shift from one creep curve to another is called the creep hardening

formulation. Two choices of creep hardening are available in CSTEM: time hardening and strain

hardening. Time hardening transitions from one creep curve to another by keeping the

accumulated creep time constant. Since creep strain increments are calculated, the creep strain

increment in the ensuing time subincrement will occur at the rate on the new creep curve at the

point which corresponds to the accumulated creep time. Strain hardening transitions from one

creep curve to another by keeping the accumulated creep strain constant. The creep rate increment

in the ensuing time subincrement will occur at the rate on the new creep curve at the point which

corresponds to the same accumulated effective creep strain. The secant method is used to

determine the equivalent creep time on the new creep curve corresponding to the accumulated

effective creep strain. Figure I5. illustrates these two hardening formulations.
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FIGURE 15. CREEP HARDENING FORMULATIONS

Convergence is based on effective stress values at each integration point. The difference

in effective stress from one iteration to the next must be less than a user specified tolerance for

convergence.

3.1. I1.4.3. Isotropic Material

The isotropic creep model is a 5 constant model involving two terms, one dominated by

primary creep and the other dominated by secondary creep. This model can be written as
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°e_eyl= K t_ + Q(_]t (I06)

where o'normisa scalarstressnormalizationfactorinpsi,tistimeinhours,creffistheeffective

stressinpsiattheintegrationpoint,and eCeffistheeffectivecreepstrainininches/inch.The 5

creepconstants,(K,n,m, Q, and r),aretemperatureand materialdependent,inputatup toten

different temperatures. The primary creep term is of the same form as the Bailey-Norton creep

model. By specifying constants to remove the secondary creep term (Q=0), the model becomes the

Bailey-Norton creep model.

Expansion of the effective creep strain increment into its creep strain components is done

using the same stress based Prandtl-Reuss flow rule used with isotropic plasticity.

3. i. I I. 4.4. Orthotropic Material

The orthotropic creep model in CSTEM is the C.T. Sun orthotropic creep model. Similar

to the implementation of the orthotropic plasticity model, the orthotropic creep model has ti_

capability to analyze response to varying non-uniform temperature loading and cyclic loading of

3D layered finite element models containing multiple materials. The creep model utilizes the same

potential function and effective stress definition as the plasticity model (equations (93) and (96)).

Uniaxial creep tests of unidirectional aligned and off axis specimens are used to generate the

material creep parameters. The creep law is defined as:

('In[ [ ('/'11 ('/"
where O'normis a scalar stress normalization factor in psi, t is time in hours, oeff is the effective

stress in psi at the integration point, and ec_ is the effective creep strain in inches/inch. The seven

coefficients in the creep law, (C, n, D, r, s, B, and m), are input at up to ten different temperatures

for each material. Calculations are performed relative to the coordinate system of the material.

The initial stiffness method is used to avoid the expensive reformulation of stiffnesses. The user

may select strain hardening or time hardening creep formulations.

(107)
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The associated flow rule utilized for creep is a rate form of the same flow rule used in the

orthotropic plasticity formulation:

c m0f where ). 3 .c
"ij -_ _ aaij -

A more detailed description of this creep model can be found in "Modeling Creep in

Thermoplastic Composites", Ilsup Chung, C.T. Sun, and I.Y. Chang, Journal of Composite

Materials, Vol. 27, No. 10, 1993.

(108)

3.1.11.4.5. CRHOOK User Creep

A method is available by which a user's custom creep model can be included for use in

CSTEM. User creep requires the user to compile the user creep model with the CSTEM code. The

user creep model receives information from CSTEM and returns information to CSTEM through a

single routine called CRHOOK, which finks the user creep model into the CSTEM iteration

scheme. The CRI-IOOK routine is identical to the user plasticity routine CHOOK, except that it is

accessed from the creep analysis iteration scheme rather than the plasticity analysis iteration

scheme. The calling arguments of the CR.HOOK routine eontain vectors which are sized by user

specification of certain input deck variables. These vectors contain some predefmed quantities,

such as stress, strain, temperature, time, etc., as well as user defined information about the current

state of the material. The user updates and stores whatever internally generated user defined

information is needed by the model in these vectors within the vector lengths defined by the input

deck variables. The vectors axe returned to CSTEM and stored on a random access file for each

calculation location. Calculations are performed at each integration point in the finite element

model. Figure 13. shows the CHOOK calling sequence and predefmed vector locations, which are

identical to the CRHOOK calling sequence and predefined vector locations. User data is stored

after the predefined data locations. The UMATIO routine concept shown in Figure 14. can be

utilized by the user creep model for access and storage of user material data.
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3.2. HEAT TRANSFER ANALYSIS

3.2. 1. Introduction

In recent years the finite element idealization has become a general approach for the stress

analysis of complex structural systems. In order to minimize the preparation of data for a thermal

stress problem it is desirable that the same finite element model be used in the stress and heat

transfer analysis. For this reason considerable effort is currently being devoted to the development

of compatible heat transfer and stress analysis programs.

In general, the stress and heat transfer analysis of solids are coupled. The coupling of

structural mechanical loads, heat transfer, and electromagnetic are discussed elsewhere. Here, we

are only talking about the heat transfer portion of the entire program. In heat transfer analysis

nonlinearities may be due to temperature dependent material properties and, in particular, be caused

by nonlinear boundary conditions.

The heat transfer analysis of graded composite structural problems idealized by finite

elements is currently in the developmental and experimental stage. The procedures of the

treatment of temperature dependent material properties and the nonlinear boundary conditions in

graded composite structures are covered in the following text.

The purpose of this section is to explain development of the techniques that permit the

practical analysis of complex three dimensional heat transfer problems of graded composite

structures.

3.2.2. Finite Element Implementation

The three dimensional isoparametric solid elements are used so that the mesh size can be

varied and bodies of arbitrary shape can be considered without difficulty. Material properties can

be different for each element. In general, mixed boundary conditions can be handled directly. The

equations which govern the response of the discrete system generally involve matrices which arc

symmetric and positive definite. Therefore, effective solution techniques can be employed for the

solution of both the steady state and transient problems.
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An 8, 16,and20 node,threedimensionalsolid elementis shownin Figure 16. The natural

coordinates (r,s,t) of the eight comer nodes are (+1,+1,+1) and of the 12 remaining nodes are

(0,+1,+1), (+1,0,+1), (+1,+1,0). The temperature within the element is defined in terms of the

•nodal temperatures by

O (X, Y, Z, t) = Z Hi (X, Y, Z, t) O i (t) (109)

A detailed description of the shape functions can be found in Section 2.4.1. in the description of

3D elements. In the heat transfer analysis, the matrix [13] is not the same as in a structural analysis

and is formed as

[B] = [J]

aH l aH

ar .......... #r

OH..___I OH......!i
Os .......... as

_H_ aH i

at .......... Ot

(I 10)

t
3

Z Node 4

20

11 19_

10

8 6

I7

5

16
13

HGURE 16. 3D ISOPARAMETRIC ELEMENT (8, 16, or 20 NODES)
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FIGURE 17. 3D SOLUTION DOMAIN FOR GENERAL HEAT CONDUCTION

3.2.3. Equations for Heat Transfer Analysis

Consider the three dimensional heat transfer conditions as shown in Figure 17. In the

analysis of heat transfer conditions, we assume that the material obeys Fourier's law of heat

conduction:

qx --" - kx a0 a0a-x qY = - ky _ qz = - kz a_Oeaz (111)

where qx, qy, and qz are the heat flows conducted per unit area, 0 is the temperature of the body,

and kx, ky, and kz are the thermal conductivities corresponding to the global axes X, Y, and Z.

Considering the heat flow equilibrium in the interior of the body we thus obtain

0_._t. 00_ + a___t,aO_+ a _t. ao_ =
ax ,--xax" ay '"Y ay" _-_'_z_) - qb

(112)
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where qb is the rate of heat generated per unit volume. On the surfaces of the body the following

conditions must be satisfied:

Olsl = 0e

_0
kn_'ffls2 = qs

(113)

(114)

where 0e is the environmental temperature, kn is the body thermal conductivity, n denotes the

direction of the normal to the surface (outward) and qs is the heat flow input to the surface of the

body.

3.2. 4. Boundary Conditions

1. Tem_r_ture Conditions - The temperature may be prescribed at specific points

and surfaces of the body, denoted by sl in equation (113).

2. Heat Flow Conditions - The heat flow input may be prescribed at specific points

and surfaces of the body. The heat flow boundary conditions are specified in

equation (114).

3. Convection Boundary. Conditions - Included in equation (114) are convection

boundary conditions, where

qs = h(0e -- 0s)
(115)

. Radiation Boundary. Conditions - Radiation boundary conditions are also specified

in equation (114). Two different radiation conditions are considered; radiation

from one surface to another surface and radiation from a gas to a surface. Surface

to surface radiation is described using

qr = i$_sf(Or4-0 4) (116)

3.50



while gas to surface radiation is described using

qr = [3 _sf(_g 0 4- ag Os4)
(117)

where the variable [3 is the Stefan-Boltzman constant, es is the emissivity of the

absorbing surface, eg and ag are the emissivity and absorptivity of the radiating

gas, andfis the geometric view factor.

In addition to these boundary conditions, the initial conditions must also be specified in a

transient analysis.

3.2. 5. Solution Scheme

For the development of a finite element scheme either a Galerkin formulation operating on

the differential equation of equilibrium or a variational formulation of the heat transfer problem can

be employed. In the variational formulation a function II is defined such that when invoking the

stationarity of H, the governing differential equations (1) to (3) are obtained.

+ +Wz ]O°°2v - foq dv - fo q dS - EOiQi (ll')
i

V V $

where 0 i are the concentrated heat flow inputs. Using the condition of stationarity of II we obtain

foO' kO'dv=fOOq ,v÷fOO q  ÷ .iaO Q (119)

where 0' is the temperature gradient vector and k is the conductivity matrix.

For a general solution scheme of both linear and nonlinear, steady state and transient

problems we aim to develop incremental equilibrium equations. An incremental iteration scheme
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for heat flow equilibrium is used, in which

t + At0(i)

with the initial condition

_-t+Ato(i-l) + A0 (i) (120)

t+At0(0) m t 0 (121)

and A0 (i) is the temperature increment. In the iteration procedure, the conductivity matrix, [K], and

the right hand side load vectors, {Q}(i), are updated at each iteration as necessary. The COLSOL

technique is used to solve the matrix set of equations for the nodal temperature.

There are four generic heat transfer problems, which are discussed in the following:

I. Linear Steady State Conditions

The governing equation of Linear steady state can be written as

(K k + K c) t+At 0 _ t+atQ + t+atQe (122)

where K k is the conductivity matrix

Kk= fBa'kmB dV
V

and K e is the convection matrix

$

in which summations are over the m elements.

The nodal point heat flow input vector, t+ atQ, is def'med as

t+AtQ _ t+AtQb "1- t+AtQs + t+AtQe

(123)

(124)

(125)
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where

and

t + AtQb .- _ m fHT t + Atqb dV (126)

V

t+atQs = _-"rn f dS (127)

S

and

in the element and qs is the surface heat flow input.

The nodal point heat flow contribution due to the convection boundary conditions,

t+AtQc is a vector of concentrated nodal point heat flow input, qb is the rate of heat generated

h H T Hs t+at0c (128)

t+AtQc, is found using

where

$

t+At0 e are the given environmental temperature at the nodal points and h is the convection

coefficient as mentioned previously.

II. Nonlinear Steady State Conditions

The governing equation of nonlinear steady state heat transfer is

[tKk + tKC + tKr]A0(i) _ t+AtQ + t+Ato(i-1)',_c + t.AtQ_i-1) _ t+AtQ_-l) (129)

where the conductivity matrix is defined as

tKk ---- _m I BT tkm BdV

v

(130)
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the convection matrix is defined as

and the radiation matrix is defined as

th H T HsdS

t x H_ Hs dS

The nodal point heat flow vector is the same as in the linear steady state case, namely

(131)

(132)

t+atQ = t+atQb + t+atQs + t+atQ¢ (133)

The convection load vector is defined as

t+atQ(ci-l) = Em f t+ath(i- I) [H s (t+at0e -- t+At e(i- 1))] dS

The radiation load vector is def'med as

t + At(")(i - 1)
Em f t+at_;(i-1)HT[Hs (t+at0r

S

_ t+At 0(i-- 1))] dS

for surface to surface radiation, where a¢ is the radiation coefficient such that

(134)

(135)

_¢ -- 13esf(O 2 + O2)(Or + Os) (136)

and 13 is the Stefan - Boltzmann constant, es is the emissivity of the surface, fis the viewfactor,

Os is the surface temperature, and Or is the temperature of the radiating surface.

A slightly different formulation is used for radiation from a gas to a surface. In this case the

radiation load vector is calculated as

,+atQ(ri-I) __ Em _ t+atK0-1)H T [H s (,*_g t+ater _4 _ t+Ate(i-1))] dS
d

S

(137)
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where K is the radiation coefficient such that

and _ is the Stefan - Boltzmann constant, as is the emissivity of the surface, fis the viewfactor,

0s is the surface temperature, Or is the temperature of the radiating gas, % is the emissivity of the

radiating gas, and Ctg is the absorptivity of the radiating gas.

The internal thermal load vector is defined as

t+Ato(i-1) ._ _-"m f BT[ t+Atk(mi-l) B t+At0(i-l,] dV"-k (139)

V

The thermal conductivity and radiation emissivity are temperature dependent and the

convection coefficients are both temperature and time dependent. Because of this an iterative

procedure must be used to solve these equations. A Newton-Raphson method is used to iterate the

following equation to convergence:

t+Ato(i) _ t+At 0(i-l) -I- t+AtA0(i) (140)

Convergence is evaluated by both of the following criteria:

0(i) _ 0(i-l)[

O(i) -- O(i-l)[ < 5 2
O(i_ 1) --

(141)

The conductivities, convection coefficients, and radiation coefficients axe input data. They

are set up in data tables and stored on file for use during the iterative procedure.

Ill. Transient Analys.e_

In transient heat transfer analysis the heat capacity effects must be included in the analysis

as part of the rate of heat generated. If the Euler backward implicit time integration is employed,

the heat flow equilibrium equations used are obtained directly from the equations of steady state
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conditions:

then

Ore(X, Y, Z) = Hm(X , Y, Z) O(t)

t+At.Qb = _-:m f H T(t+Atq b -

V

t + At c mR t + att9 ) dV

(142',

(143)

where t + at% no longer includes the rate at which heat is stored within the material. Thus, the

transient conditions are, in linear analysis:

C t+AtO + (K k + K c) t+At O = t+AtQ + t+AtQ¢ (144)

and in nonlinear analysis:

t + AtE(i) t + Ato (i) + (tKk + t KC + tKr) AID( i) =

t÷_tQ + t+AtQ_ci-X) + t+AtQ_i-l) _ t+mQ_-l)

where C and t+ AtE(i) are the heat capacity matrices defined as

V

(145)

t+Atc(i)

Cm H dV (146)

= _-':m f nTt+Atc(_)I'IdV

v

(147)

3.2.6. Graded Composite Structures

The structure is built up from a series of layers of different materials, such that the material

properties are discontinuous functions of the thickness variable, _. This requires that an

appropriate integration through the thickness must be performed. For the CSTEM finite element

code, we use a layered approach wherein a midpoint rule integration scheme is adopted for each

layer.
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Layersaxe numbered sequentially, starting at the bottom surface of the element. The

bottom surface is the surface at the negative end of the through thickness structural (rst) axis. Each

layer contains integration points on its midsurface. The thermal matrices and load vectors are

computed at these integration points and integrated into the elemental matrices and load vectors.

The thermal gradient distribution through the thickness of the element is controlled by the shape

function of the element. Layers of different thicknesses can be used, as well as different numbers

of layers per element. However, consideration must be given to the capability to accurately

integrate the varying thermal properties of the layers. In general, layers of relatively equal

thickness will provide a more accurate integration than a mixture of relatively thick and thin layers

within an element.

+h/2
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h
M

-h/2

+1.0
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1
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lid

FIGURE 18. LAYERED MODEL

The matrices for the heat transfer equations axe obtained by the integration of each layer of

the element in the same way as shown in Section 2.4.3. For orthotropic materials, transformation

of the conductivity matrix must be performed to orient the matrix to the global directions.
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The elemental thermal conductivity matrix can be written as follows:

Fkll k12 kl3]

[K] = Ik21 k22 k23[

Lk3,k32k33J
(148)

The transformation of this matrix can be written as

[K]G = IT] T [K] [T] (!49)

where [T] is the coordinate transformation matrix as described in Section 2.3.1.

.. . , ,
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3.3. ELECTROMAGNETIC ANALYSIS

Three different methods for calculating the electromagnetic response of a structure are

available in CSTEM. All three of the methods are applicable for a particular wave impinging on a

point of the structure. Calculations are done for one given frequency, orientation, and path of an

electromagnetic wave at a time. Multiple frequencies and/or different paths travelled through the

structure would be handled by separate calculations for the different parameters.

The orientation of the wave is input in the same manner as skew boundary conditions

where a wave coordinate system is associated with the electromagnetic wave. This wave

coordinate system is defined such that the direction of propagation is along the positive z axis and

polarization is measured from the positive x axis as shown in Figure 5. Polarization of the wave is

defined only from 0 to 180 degrees. The limit on the number of different wave specifications per

load case is set by the parameter MAXW.

The impingement locations can either be input specifically or an exposure analysis can be

done so that an analysis for all exposed faces will be done. Specific input of an impingement face

is not checked to determine whether or not it is a surface face. The limit on the number of different

specifically input impingement locations per load case is set by the parameter MAXP. For an

exposure analysis there is no limit on the number of faces, but there is a cutoff exposure value

(IEXCUT) below which an analysis for the face will not be done. There is also a check on the

impingement angle so that the analysis of a wave with propagation direction within 1 degree of

being parallel to an impingement face will not be calculated. When using layered elements, the

impingement faces cannot be faces perpendicular to the layering.

The stacking sequence encountered by the propagating electromagnetic wave is

determined by starting at the centroid of a given exposed element face and progressing through the

cross section element by element. The elements through the cross section are determined by

finding the element which shares the nodes on the face opposite to the surface face and continuing

until another surface face is reached, or until a material specified as a conductor is encountered.
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3.3.1. Data Bank

Electromagnetic material properties are obtained through a data bank. The maximum

number of materials that can be read in any given analysis is set by the parameter NMAT. Different

formats for the data bank are available, depending on the method being used. The first two

methods of calculating the electromagnetic response require a data bank containing the complex

permittivity and permeability of the material as a function of temperaaare and frequency. In

addition, an option of specifying the permittivity and permeability using the dielectric constant and

loss tangent is available. The table look up method requires a data bank listing the fraction of the

energy a material attenuates as a function of temperature, frequency, and polarization angle. The

type being used is determined internally by counting the number of inputs on a frequency line,

which means that the different types can be mixed.

The material is specified by a I to 8 character identifier. The number of temperatures,

frequencies, and polarization angles that can be stored internally from the data bank is limited.

These limits are set by the parameters NTEMP, NFRQ, and NANG. A more detailed description of

the data bank can be found with the absorption input descriptions.

3.3.2. Exposure Analysis

The impingement points used in an electromagnetic analysis can be input specifically by

identifying the surface element and face. This is subject to a limit set by the parameter MAXP on

the number of points specified. It is also possible to determine all faces exposed to the incoming

electromagnetic wave and perform an analysis on each one that has above a certain cutoff

percentage exposed. This percentage is set internally by the variable IEXCUT.

The exposure analysis is done by considering the faces of an element where the faces are

determined by the corner nodes only. The global coordinates of the corner nodes are rotated to a

local system so that the local Z axis lies parallel to the direction of propagation of the incoming

electromagnetic wave. The face is split into two triangles and an area coordinate system is set up

for each of the triangles. The exposed amount of each side of these triangles is determined by

comparing with all other faces and determining if the other faces cover it. The exposed amount of
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thefaceis assumedto be thesameastheamountof theboundaryof thefacewhich is visible from

theviewpoint of the incomingwave.

The frontal areaexposedto thewavecanbedeterminedby summingover thefaces. The

frontal area of each face is found as the area projection of the face on the local X-Y coordinate

system plane (which is perpendicular to the wave propagation direction). This area is then

modified according to the amount of the face visible to the incoming waves, and summed into the

total exposed frontal area.

3.3.3. Wave Matrix Method

The computer program WAVES is a computer program for determining the reflection and

transmission properties of multilayer plane impedance boundaries which has been included in

CSTEM. The manual for this program is included in the appendix and contains a detailed

description of the calculations performed in the program. In the CSTEM installation, the stacking

sequence details, material properties, and specification of the impinging wave are determined from

the finite element model and CSTEM electromagnetic input and transferred into the program.

3.3.4. Optics Method

A method forcalculationof electromagneticresponse thatdetermines reflectedamounts of

electromagneticenergy as well as calculatingthe attenuationof the transmittedamount can be

derived using equationssimilarto optics.Figure 5.shows an electromagneticwave propagating in

the +Z directionof the coordinatesystem attachedto the wave. The electricfieldvectorpointsin

the +X directionand the magnetic fieldvectorpointsinthe +Y directionfora polarizationof zero

degrees.

The wave equationswhich apply tothesevectors can bc obtained using Maxwelrs

equations,and can be writtcnas:

V2H = y2H and V2E "- y2E (150)
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where the propagation constant, _' , can be written as:

y -- a +j_

Here, a is the attenuation factor and is found as:

V/._ _/ or 2 1)a - co (1+(_--_) -

(151)

(152)

and fl is the phase shift constant, written as:

,8 "- o9 %/-_-_ (J1 + (_-_)2 -4- 1) (153)

In the previous equations, to is the frequency of the electromagnetic wave in radians/second, /_ is

the permeability of the material in henries/inch, e is the permittivity of the material in farads/'mch,

and tr is the conductivity of the material in siemens/inch.

The index of refraction of a material is the ratio of the wavelength or phase velocity in free

Since the wavelength can be written in terms of the phase shiftspace to that in the material.

constant as:

271:
Y = "3- (154)

P

the index of refraction can be written in terms of the phase shift constant as:

n = & (155)

where fl is the phase shift factor for the dielectric material and fl0 is the value of the phase shift

constant for free space found as:

flo = 6 _ (156)
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Thecalculationof the reflectedandtransmittedelectromagneticenergiesis doneusing

Snell'slaw of refractionandtheFresnelformulas. SneU'slaw canbestatedas:

nI sin0 = n2 sin_ (157)

wherenl andn2aretheindex of refractionof material1and2, 0 is the angle of incidence of an

electromagnetic wave propagating from material 1 to material 2, and _ is the angle of refraction

of the transmitted portion of the electromagnetic wave. Figure 19. shows the geometry associated

with an impinging electromagnetic wave.

The Fresnel formulas assume an impinging wave with components of the electric vector

that are in and out of the plane of incidence defined in Figure 19. This impinging wave is written

as"

A 1 = Apl (cos0 i - sin0 k) + AslJ (158)

where Apl is the in plane amplitude and Asl is the out of plane amplitude, and 0 is the angle of

incidence on the interface between materials 1 and 2. The reflected portion of this wave can then

be written:

A 2 = Ap2(Cos0i + sin0k) + As2j (159)

where

tan(0 - ¢) (160)
AP 2 = -AP 1 tan(0 + ¢)

sin(0 - ¢)

= si- (161)

The refracted wave can be similarly written as:

A 3 = Ap3(COS¢i + sin ek) + As3J (162)
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where

2sin_ cosO

Ap3 = Apl sin(0 + _)cos(0 - _) (163)

2 sin _ cos 0

As3 = Asl sin(0 + q_) (164)

For both the reflected and refracted waves, 0 is the angle of incidence and _ is the angle of

refraction obtained using Snell's law.

For normal incidence these equations can be written much more simply using the index of

refraction, n. For the reflected wave:

and for the refracted wave:

A2 = _ AI n -- 1n + 1 (165)

A3 _ _AI 2n + 1 (166)

The attenuation (or absorption) of a transmitted wave can be found using the term, e-ax,

where x is the distance travelled in the material with an attenuation factor of a.
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FIGURE 19. ELECTROMAGNETIC WAVE AT MATERIAL INTERFACE

3.3.5. Table Look Up Method

This method is based on a data bank of absorptivity values for given material types

specified at discrete values of temperature, frequency, and polarization angle. The information for

a specific material or materials is read from the data bank f'fie into tables which are used by the

program. The absorptivity is linearly interpolated from these discrete values to the local values of

temperature, frequency, and polarization angle. These local values are determined for each layer

encountered in a cross section. The propagating wave is modified as determined by the values

interpolated from the tables and these new values are then used with the next layer encountered.

The fraction of energy loss of the wave as determined from the tables is applied only to the normal

component of the impinging wave, while the horizontal component is assumed to be unaffected.

The impingement angle of the wave on a layer is calculated from the dot product of the

inward normal of the layer midsurface and the propagation (+z) axis of the wave coordinate

system. The impingement angle must be between 0 and 90 degrees in absolute value. The

temperature is calculated using the element shape functions.
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The polarization angle is calculated using the dot product between the projection of the

wave polarization on the layer midsufface and the material principle direction. The polarization

angle is calculated as being between 0 and 90 degrees.

The absorptivity values in the data bank are essentially percentage absorption values. The

strength of the electromagnetic wave emerging on the other side of the layer is calculated as

Wout = Win * (1.0 - absorptivity) (167)

where Win is the magnitude of the normal component of the impinging wave.
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3.4. ACOUSTICS ANALYSIS

The sound power produced by a vibrating structure can be calculated in CSTEM. The

surface of the structure is found automatically from the element connectivities. In addition, a

portion of the surface can be eliminated from a sound power calculation by masking it out. This

masking is useful if only a portion of the surface is considered to be radiating sound.

The natural frequencies and mode shapes of the structure are fast found. Idealizing the

element faces as rectangular flat plates, the radiation efficiencies and sound power of each mode

for a range of point load forcing frequencies are determined based on the mode shapes and

geometry of the structure. Once the radiation efficiencies are known, the sound power produced by

a forced vibration of the structure can then be found by a modal summation of the contribution of

each mode.

3.4. 1. Theoretical Approach

The sound power calculated is based on the equation developed by Lord Rayleigh. This

equation expresses the pressure field generated in a uniform free field by an extended plane

surface. This integral equation may be written as

Jc°P° ei_t Isp(r, t) =
rcn(rs)e -Jm

R
dS (168)

where r is the position vector of the observation point, rs is the position vector of an elemental

surface dS having normal velocity _n(rs), and R is the distance between the observation point and

the elemental surface.

In the far field, where R is much greater than the than the source size, an analytical

solution to the previous integral equation has been produced by C. E. Wallace as described in the

reference quoted later in this section. The source size in this case is defined as the largest length of

an element face radiating sound. Figure 20. illustrates the situation considered in the acoustic
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problem, in which the radiation from a modal vibration distribution at any arbitrary frequency is to

be evaluated.

Y z

r

x

FIGURE 20. ILLUSTRATION OF ACOUSTIC PROB-

A differential area, dS, of a surface viblr_ at a given frequency in an infinite bat_e

produces a differential pressure, dp, given by

dp = jp°ck rll dS]e-J_
2_ R _--

(169)

where oJ is the frequency of vibration, P0 is the density of air (1.21E-7 ibf/in3), c is the speed of

co
sound in air (13045. in/see), k -- _- is the wave number, U is the peak surface velocity of the

differential area, dS is the differential surface area, R is the distance from the differential area to the

point in the free field at which the differential pressure exists. The total pressure at any point in the

free field can be found by integrating dp over the vibrating surface:

Jp°ck fs e-jkR (170)P = 2z_ • _- [UdS]
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At locations in the far field (kR >> 1), the sound power, W, for a surface freely vibrating at

an arbitrary frequency co is

t"

W = [ IPI2 dA

J, 2P0c
(171)

where dA is a differential area of an imaginary surface enclosing the vibrating surface. In the

CSTEM code this surface is a 10000 inch radius hemisphere. Note that the term being integrated in

the above equation is known as the acoustic intensity, which is a measure of the amount of energy

falling on a unit area normal to the direction of propagation.

A measure of the velocity of vibration is the space average value of the time average

normal vibration velocity, (vn2) , calculated as

=½ U=dS (179_)

Using the free vibration sound power and temporal and spatial average mean square

velocity, the radiation efficiency at the particular frequency can be calculated as

W

o = p c._(_)-0 "-v'- (173)

In most cases a structure is excited in such a way that certain vibratory modes are excited

more than others. The CSTEM code uses a point load to preferentially excite certain modes of

vibration. In this case, the mean square velocity in the vicinity of the exciting load generally

exceeds the spatial average value used in calculating the radiation efficiency. The temporal and
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spatialaveragemeansquarevelocity for apoint loadexcitation is

IF!2 _ lp2(ro )An

(v2) = 2S_ _ (174)

In the above equation, _Pn is the normalized modal velocity distribution (mode shape) of mode n

and r0 is the position vector to the point where the load is applied. The term An = J
apn2(r)dS

where r is the position vector to an arbitrary point on the structure, and 17"hi2 is the norm of the

modal impedance. The modal impedance is given by

7"n = jmn(to - --_) + qn"o" (175)

where tOn is the free vibration frequency for mode n, tO is the frequency of the point load, nan is the

generalized modal mass, which can be found as

= js m(r)ap2(r)dS (176)
mn

and r/n is the modal loss factor, a damping factor for mode n. Options for estimating modal

damping include experimental results, assuming a constant value for all frequencies, or estimation

from similar structures. The loss factor usually has values in the range 5x10 '4 to 5x10 -2 and for

most structures the loss factor tends to decrease with frequency, roughly proportional to tO- 1/2

The sound power for a point load excited structure is then calculated as

= OPoCS(Vn2) (177)

t

3.4.2. Finite Element Implementation

An acoustics analysis requires an eigensolution of the free vibration problem for the

structure. The number of free vibration modes tOn included in the analysis is indicated on the

structural input deck. The acoustic input deck indicates loss factors for each free vibration
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frequency considered. The force amplitude and direction, and the maximum forcing frequency,

minimum forcing frequency, and the total number of frequencies to be logarithmically distributed

between the max and rain frequency are also input to preferentially excite certain modes of interest.

An optional masking point can also be indicated to exclude certain portions of the structure from

inclusion in the analysis.

Once the free vibration frequencies and mode shapes have been calculated, the free

surfaces of the structure are determined. Any surfaces which can see the masking point (if one was

input) are eliminated from the acoustic radiation calculations as weU. The far field pressure

generated by the structure is then calculated by integrating over each individual element surface

face using a fourth order Gauss integration.

The far field observation points at which the pressure values are to be calculated are

located on a hemisphere based on each element surface face. Using the coordinate system of

Figure 20. the hemisphere is described by a radius, r = 10000 inches, with the in plane angle,

0 -< 0 _< 2zg , and the out of plane angle, 0 -< _ <_ _. These angles are subdivided into 31

increments each, creating 900 far field area segments over which the sound power is to be

integrated. After the pressure field has been calculated, the radiation efficiency at each free

vibration frequency is calculated by integrating over the hemisphere using Simpson's rule.

Finally, the acoustic impedance is calculated, and using this along with previously

calculated quantities the sound power generated by each free vibration mode for the various forcing

frequencies is obtained. The total sound power generated for each forcing frequency is obtained by

summing the contribution of each of the free vibration modes considered.

3.71



3.4.3. AcousticsReferences

Hayes, EE., "Determining Vibration, Radiation Efficiency, and Noise Characteristics of

Structural Designs Using Analytical Techniques", Proceedings - Society of Automotive

Engineers p-106, SAE, Warrendale, PA, pp 263-270, 1982

Wallace, C.E., "Radiation Resistance of a Rectangular Panel", The Journal of the

Acoustical Society of America, Vol. 51, No. 3 (Part 2), pp 946-952, 1972

Fahy, Frank, Sound and Structural Vibration Radiation. Transmission and Response,

Academic Press, London, I985

3.72



3.5. TAILORING METHODOLOGY

There are several numerical algorithms for solving the non-linear constrained optimization

problem. Most of these algorithms assume that the design variables are continuous and that the

objective and constraint functions are continuous with continuous first derivatives with respect to

the design variables. Mathematically, the constrained optimization problem is stated as follows:

Find the set of design variables, X, that will:

Minimize or Maximize F(X) (178)

Subject to:

gj (X) < 0 j - 1,m (179)

hk(X) = 0 k = 1,1 (180)

xi I < xi < xi u i= 1,n (181)

where F(X) is the objective function, gj(X) and h(X) are inequality and equality constraints that

define the criteria that must be satisfied for the design to be feasible. X l and X u are the lower and

upper bounds on the design variables that define the region of search for the optimum. For

example, the lower bound on the layer thickness may be set to a small positive number to prevent

creation of a meaningless design. The design variables contained in X may include layer thickness,

layer orientation, fiber-volume ratios, etc. An example of an inequality constraint may be the

strength constraint for the ith layer and k th loading condition and is given as follows:

gj - Uki-1 < 0 (182)

The typical optimization process proceeds by finding a search direction, S, and then

performing a one-dimensional search to find the point of maximum improvement by:

xq - xq-l+ ct*S q (183)

where "q" is the iteration number and ,2" is the scalar multiplier on sq that defines how far we can

move in this direction. In equation (183), a*S q is a perturbation on the design vector, Xq "1. The
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key is that optimization methods provide the tools to change alldesign variables simultaneously in

search of the optimum.

In the modified method of feasible directions, the usable feasible search direction, S, is

computed by solving the following subproblems:

i) In the case when there are no active or violated constraints, a Hetcher-Reeves conjugate

direction algorithm is used to find the search direction as:

sq = _ _TF(Xq-1) d- _S q-I

i_(Xq- 1)12
where [3 = tVF(Xq-2)[ 2 (184)

ii) In the case when there are violated constraints, the direction finding problem is posed as:

Minimize VF(Xq- 1) . S q _ _W

Subject to VF(X q-l).s q + 0jW < 0j EJ

S q • S q + W 2 < 1 (185)

where qj is called the "push off' factor since this determines the distance from the violated

constraint and f is initially a small positive number that is gradually increased in order to bring the

design to a feasible region. 'J' denotes the set of critical constraints at a design point X.

The feasible directions algorithm is based on the fact that the satisfaction of the

Kuhn-Tucker conditions (finding a feasible stationary point of the Lagrangian function) is

equivalent to finding at least a relative minimum of the original problem defined by equations

(178) - (181). More details of the modified method of feasible directions can be obtained from the

book by G.N. Vanderplaats, Numerical Optimization Techniques for Engineering Desi_ma: with

_12_,.gLfi.9._, McGraw Hill, New York, 1984.
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SECTION 4. DESCRIPTION OF INPUT

The CSTEM code obtains input from a number of input decks (files) which are fairly rigid

in structure. Input variables are expected in a particular order, are generally numerical, and often

involve reading a control variable (a flag) which tells the code how many lines of a particular type

of input to read in the deck. Options are activated by the value of a variable or by the sign of the

variable.

The input for CSTEM is contained on several different input decks for each analysis

discipline so that separate analysis disciplines may be turned on or off without requiring a large

modification of one common input deck. The control of the analysis is achieved mainly from the

structural input deck, NT2. This deck contains the geometry information for the model as well as

control variables that will activate the various analysis modules of CSTEM.

Free format input is assumed. In most cases, input is read using a general read routine

(READZR) which reads each line of input first as an 80 character string. For this reason, input

lines should be no more than 80 characters long. After reading the input line, the fields

contained in the string are then deciphered, with a maximum number of 25 numeric fields and 14

character fields. Field delimiters are blank spaces or commas. Ending an input line with an

ampersand (&) will cause the next line of input to be read as a continuation of the line ending with

the ampersand. This allows a means for input sequences longer than 80 characters to be input, but

the maximum number of fields allowed still applies. The read routine reeogrdzes a dollar sign ($)

as a comment designator so that anything following a dollar sign will be ignored.

The input fields are first assumed to be numbers. The 25 numeric fields are initialized as

zero, then filled with the deciphered numbers read. Exponential formats are recognized and the E

or D in the exponent is not case sensitive. A blank space following the exponent designator is

interpreted as a positive sign for the exponent itself.

If the field is not recognized as a number it will be returned as a character string. In

general, there is a maximum string length of 60 characters. The character strings remain in the

same case as read so that string matching is case sensitive. Title lines at the beginning of the
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individual input files arereadandreturnedas80characterstrings. Thesetitle linesshouldnot

begin with a number alone unless all input lines contain a separate line number.

The various input files for CSTEM are summarized here. The detailed descriptions and

input sheets for these files follow.

FILE

2

7

8

12

16

22

32

33

48

52

54

75

91

27

50

ANALYSIS CONTROL, GEOMETRY, STRUCTURAL LOADS AND BOUNDARY

CONDITIONS

PREVIOUSLY SAVED ELEMENT STIFFNESS

PREVIOUSLY SAVED INT.PT. STRESSES ANDD STRAINS

STRUCTURAL RESTART FILE

DAMAGE RESTART FILE (USER STATE VARIABLES)

PREVIOUSLY SAVED INTEGRATION POINT DATA

HEAT TRANSFER ANALYSIS CONTROL, LOCATIONS AND LOADS

HEAT TRANSFER RESTART FEE

DAMAGE MECHANICS STATE RESTART FILE

ELECTROMAGNETIC ANALYSIS CONTROL, LOCATIONS AND LOADS

ACOUSTICS ANALYSIS CONTROL AND LOADS

TAILORING CONTROL

(SLOP) NODES TO USE FOR MODESHAPE SLOPE CALCULATION

ICAN CONSTITUENT PROPERTIES DATA BANK

ABSORPTION MATERIAL DATA BANK
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4.1. ANALYSIS CONTROL AND STRUCTURAL INPUT

The analysis control and structural input is the primary source of control of a CSTEM

analysis. This input file is file code 2, known as the variable NT2 in the CSTEM code. Whether a

structural solution is desired or not this file is necessary to define geometry and to initiate the

desired analyses. This section contains a general description of the input and how it is used.

Section 5.1. contains an explicit summary of these input variables and the order in which they are

occur in the input deck. The summaries in Section 5. are referred to as the input sheets and would

normally be the pages used by someone actually assembling an input deck.

4.1.1. ANALYSIS CONTROL

There are two places in the input deck where information which controls the subsequent

reading of the input deck and/or the analyses performed in the run. The ftrst place is at the very

beginning of the deck, which is described in Section I. of the input sheets. These variables remain

unchanged throughout the entire analysis and contain information about the model size, how the

geometry is defined, control of analysis restart, and activation of various analysis modules. The

second control information location is at the start of each load ease. This information is described

in Section XI. of the input sheets. These variables control changes in material properties, load

conditions, specific analysis options, and printed output.

4.1.1.1. Initial Control Lines

The initial control lines are the f'u'st four lines in the CSTEM input deck. They contain

global parameters which do not change throughout the course of the analysis.

4.1.1.1.1. Title Line

The first control information line is for identification of the input deck. An 80 character

title will be read and written to the main input echo and output files. This line is examined to

determine whether the entire input deck is line numbered or not. An attempt is made to read a

single number from the beginning of this fu'st line. If no error occurs it is assumed that the input

deck does contain line numbers at the beginning of each line. If an error occurs, as would be the
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case if characters are encountered at the beginning of the rifle line, then it is assumed there are no

line numbers throughout the input deck. Therefore, if there are no line numbers the title must begin

with at least one non-numeric character in the first word.

4.1.1.1.2. Problem Size Line

The first three variables of the second line are sizing variables. The variable NN indicates

the number of nodes, NELTYP is the number of different types of elements, and MMAT is the

number of different materials in the model. When generating geometry, if the number of nodes

indicated on this line does not agree with the number of nodes after mesh generation the generated

geometry will be printed and all further execution is stopped. A negative value of NN signals that

geometry will be contained both on the input deck and generated internally. This option allows

mesh generation runs only to be performed since NN will not agree with the total number of nodes

after mesh generation. Once the mesh generation output has been obtained, the analysis can be

performed by changing the input so that the entire geometry is contained on the input deck.

Following these three sizing variables is the number of load eases indicator, NLC. This

variable determines how many load cases of the input deck will be read and analyzed. A zero

indicates that execution is to stop once the element stiffnesses have been calculated. This

calculation can be very time consuming for large layered models. When first running a large

layered model it may be desirable to compute the element stiffnesses, save the element stiffness file

and integration point fde, and stop to check the amount of time required in generating element

stiffnesses.

A negative value for NLC indicates that no structural analysis is to be done. This occurs if

only a heat transfer or electromagnetic analysis is desired. A micromechanics analysis can be

performed following the heat transfer analysis; however, the only loading would be due to the

internal thermal mismatches. No structural boundary conditions would come into effect. An

additional use for a negative NLC is in the case where a structural analysis has been done

previously and the integration point constitutive file, NTS, has been saved. This ftle contains stress

and strain information at each integration point. Additional analysis using the micromechanics
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portion of the code, such as cross section interpolation, can be performed without any further

structural finite element analysis. The integration point constitutive file must be made local to the

job with the file name FILE8 in order for the program to access it.

Following the number of load cases, the geometry definition flag, INGEOM, indicates

whether the geometry is contained in the input deck, is to be generated internally, or is contained on

separate files. The specific type of the node, element, and layering inputs used depend on the value

of this variable. The input sheets divide these input types into different sections with a note at the

beginning of each section describing the value of INGEOM that requires that particular input to be

used.

The flag indicating whether nodal banding is to be done, NBAND, is next. Unless the

model has been banded by some external preprocessor it is a good idea to indicate that banding be

done. The results of the banding operation are the f'trst thing on the structural results file, FILF_A.

The node ordering with the smaller banding criteria will be applied to both the structural and heat

transfer portions of the code. The default criteria (used if NBAND is positive) is the proftle. By

indicating a negative value for NBAND, the criteria can be changed to the absolute value of

NBAND, where 1= RMS wavefront, 2=bandwidth, 3---profde, 4=MAX wavefront. Both the

original and banded parameters are indicated with an underline below the ordering used.

Following this is a flag, IBLK, which indicates whether to size solution blocks using all of

available blank common or only half. This option may be necessary in certain analyses in which

two different matrices must be operated on at the same time. Generally, this flag should remain

zero unless an execution is stopped indicating that this flag needs to be set to 1. CSTEM has been

used mainly for stress recovery only, where all displacements are obtained from some other

analysis and input as prescribed displacements. In this case, the solution phase is not necessary and

can be avoided by setting IBLK to -1.

The last flag on this line, KADD, indicates whether additional stiffness terms will be input.

Care must be taken when using these additional stiffness terms as this feature has not been

extensively checked out. Generally, this flag will be zero.
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4.i. 1.1.3. RestartandRestart File Creation Options

The third line controls creation of a file, FILEI0, for later restart of the structural analysis

and indicators for activation of an analysis restart. A single load case or all load cases analyzed can

be saved on a file for later use in restarting the analysis. The variable NOUT indicates whether this

file is to be written or not. The sign of NOUT indicates whether the restart file is to contain all load

cases (NOUT < 0) or just the latest converged load case (NOUT > 0). This variable also controls

whether the restart file is an ASCII file (INOUTI < 10) or a binary file (INOUTi = 10). Using

NOUT in a restart run, it is possible to read one type of restart file (ASCII or binary) and write

another type (binary or ASCII). When performing a restart run (i.e. NRESTA ;_ 0) setting NOUT

= 3 will indicate that an ASCII file is to be read to set up the state from which the analysis is to be

restarted, while a binary f'de for restart will be written as the analysis proceeds. Setting NOUT =

30 does just the opposite (reads binary file, writes ASCII file). This option can be used to generate

one restart f'tle type from another type by setting NOUT appropriately with NLC = NRESTA. The
......................................

restart file basically contains displacements and, in a nonlinear analysis (large displacement,

plasticity, creep, damage), integration point stresses and strains. The geometry, material properties,

and loading information for a restart run is obtained from the input deck, but the material state is

obtained from the restart file. The results from which the restart proceeds can be written to the

printed output file, FR.,F_A, by entering NOUT as 2 or 20 (instead of 1 or 10).

The second variable, NRESTA, indicates whether the analysis is a restart run and from

which load case to proceed on the restart file. If a load case number corresponding to the value of

NRESTA is not found on the rest_ file, the analysis will not proceed.

The third variable, INREST, indicates from which load case on the input deck the restart run

is to proceed. The input is read in sequential order until the i0ad case corresponding to _T is

found. All geometry, material properties, boundary conditions and revisions of such for load cases

previous to load case INREST will be stored as they are encountered so that the input state of the

model is the accumulated sum of all the previous load cases on the input deck. The restart analysis

begins with load case INREST and proceeds through load case NLC.
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For arestartof a damagemechanicsanalysis,the abovevariablesareinput asdescribed.

However,in additionto readingtheusualrestartFH.,E10anotherfile containingthedamagestate

mustbeprovided. This file is FILE48 from apreviousdamageanalysis,which containsthe

damagestatefor the lastconvergedloadcaseof thepreviousdamageanalysis.

Restart of an analysis should not begin with a linearly ramped load case since initial load

conditions of zero will be used. Restart of an analysis with linear load ramping may require that

the load case read from the restart fde be resolved with ramping turned off before continuing with

the next ramped load case.

As mentioned previously, the element stiffness and integration point Ides can be saved and

reused when conditions are such that the stiffness does not change. This is a separate activity from

the analysis restart. If these files are available the stiffness will not be calculated, if the flies are not

available the stiffness will be obtained by calculation.

The fourth variable on this line is IPAT. This variable controls the output of PATRAN 2.5

results files. The PATRAN results files will be printed in ASCII form if ]PAT = 1 and in binary

form if IPAT = 2. The PATRAN results printed are described in Section 6.19.

The fifth variable is ICHK. This variable is used to perform a check run of the first load

case on the input deck, including printing of the layer visualization file described in Section 4.1.4.5.

If ICHK = 1 is entered, the first load case is read and written to the echo file, and the layer

orientations are calculated and will be written out if requested by the variable LYPRNT.

4. i. 1.1.4. Analysis Options Line

The fourth line contains analysis control variables. The In'st variable, IPLO, is the global

plasticity analysis flag. This flag is used to indicate that plasticity analysis will be performed and

appropriately sizes material file record sizes. Plasticity analysis is turned off for IPLO = 0. The

sign of IPLO indicates the nonlinear solution method to use, initial stiffness (IPLO = 1) or tangent

stiffness (IPLO = -1).
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The secondvariable,ICRO, is theglobalcreepflag. A valueof ICRO = i indicates that a

creep analysis is to be performed and activates appropriate sizing of material file record sizes.

Creep analysis is turned off for ICRO = 0.

The third variable, IDIS, is the geometric nonlinear analysis flag. A small displacement

analysis (IDIS = 0) or an updated Lagrange large displacement analysis (IDIS = I) are the only

options available. A total Lagrange large displacement analysis is ctm'endy not implemented.

Normally, all stress and strain output is referenced to the undeformed configuration. By indicating

a large displacement analysis as a negative, the stress and strain output will be referred to the

deformed configuration.

The next two variables apply to large displacement analyses only. If a small displacement

analysis is indicated they will be ignored. These variables are ITCVG, which indicates the

maximum number of equilibrium iterations allowed per load step, and CVGTOL, the tolerance

used in determining convergence for equilibrium iterations. This tolerance is checked against the

maximum displacement increment from one iteration to the next. The sign of ITCV(3 determines

the action taken after the maximum number of equilibrium iterations has been reached, whether to

print the current results and stop or continue execution.

The sixth variable on this line, IHTR, activates the heat transfer module. This indicates that

there will be a heat transfer analysis to be done at some point in the current run. An actual heat

transfer analysis need not be done in each load case, as indicated on the load case control line. The

sign of IHTR determines the type of units used in the heat transfer inputs.

The seventh variable, IDMO, is the global damage mechanics analysis flag. Damage

analyses are turned off for IDMO = 0. An initial stiffness iteration method is used for damage

analysis for IDMO = 1 and a tangent stiffnes method is used for IDMO = -1.

The eighth variable, IEMAG, activates an electromagnetic analysis and indicates the type of

method to be used: WAVES (IEMAG = 1), single reflection light ray (IEMAG = 2), or

experimentally generated absorption tables (IEMAG = 3). As with the heat transfer analysis, a

variable on the load case control line can turn the analysis on and off for specific load cases.
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The ninth variable, LDORDER, pertains to the large displacement option. It indicates

whether or not to include the higher order terms in the calculation of strain and its transformation

from one reference configuration to another. If set to zero or not specifed, the default is to not

include the higher order terms, LDORDER = 1. They are included if LDORDER = 2.

The tenth variable on this line, NOISE, controls the acoustic analysis module. An acoustic

analysis must be done in conjunction with an eigenanalysis, but an eigenanalysis can be performed

without doing an acoustic analysis. Setting this flag to one indicates that an acoustic analysis is

desired for every load case in which an eigenanalysis is done.

4.1.1.2. Load Case Control Lines

There are two load case control lines which control loading types to be read, material

properties to be read, specific analyses to be performed in the load case, and the results to be

printed for the load case. These lines are described in Section XI. 1. of the input sheets.

4.1.1.2. I. First Load Case Control Line

The f'trst variable indicates the rotational speed of the model in RPM. The second variable,

IAXS, indicates the global axis about which the rotation is occurring (I=X, 2=Y, 3=Z). The third

variable, IACC, indicates whether acceleration loads are to be read in the current load case as

described in Section XIII. of the input sheets. These load types can conceivably change from

non-zero to zero values, so that a check for a zero value cannot be used to bypass calculation of

these loads. For analyses in which these loads are never applied, the rotation axis and acceleration

indicator can be set to -1 so that the calculations involving these load types are bypassed, thereby

saving time.

The fourth variable, IELA, indicates whether material properties are to be changed in the

current load case. Common elastic material properties are read if IELA = + 1, as described in

Section xr_. of the input sheets. A value of IELA--O would indicate that no material properties are

to be read. However, for the very f'trst load case of an analysis (and only the very frst load case), a

value of IELA--0 will be interpreted in the same way as IELA=I, since material properties are

required to perform an analysis. A positive value (IELA = + 1) indicates that a table of material

4.9



propertieswill be readfrom theinput deck. A negativevalue(IELA - -1) indicatesmaterial

propertieswill becalculatedby themicromechanicsmoduleandonly thematerialspecification

codesandparameterswill be readfrom theinput deck.

Userspecificationof any typeof materialproperties,including thosewhich areentirely

unknownto CSTEM,canbe input usingtheUMATIO routines. The UMATIO routinescanbe

accessedby indicatingIELA=2. The UMATIO routinesareusedwith userplasticity,creep,and

damagemodelsasexplainedin Section3.1.11.2.4. The IELA variablecanbepackedto indicate

thatboth thecommonmethodof material input (IELA=+I) andthe usermethod(IELA--2) are to

be used by entering IELA=I2 or IELA=-12.

The fifth variable, IPC, indicates changes in the inelastic analysis material properties are to

be read from the input deck. This is used with the plasticity, creep, and/or damage options

implemented in CSTEM. IPC is a packed flag, with up to three integers forming the single IPC

value. A 1 indicates plasticity properties are to be read, a 2 indicates creep properties are to be

read, and a 3 indicates damage properties are to be read. Packed combinations (12, 123, 23, etc.)

are used to indicate that more than one type of inelastic property is to be read.

The sixth variable, IEIG, is used to indicate the number of eigenvalues and vectors to

calculate for a free vibration analysis. The maximum number of eigenvalues and vectors that can

be solved for is indicated by the parameter MXROOT. If an acoustics analysis is requested in the

initial control lines, it will be performed whenever an eigenanalysis is done. The sign of this

variable indicates whether to use the subspace iteration technique (IEIG > 0) or the determinant

search technique (IEIG < 0) to calculate the eigenvalues and vectors.

The seventh variable, IHT, is the heat transfer indicator. This variable determines tt_ type

of heat transfer analysis that will be performed (1 = linear steady state, 2 -- nonlinear steady state, 3

= linear transient, 4 = nonlinear transient). The input for the heat transfer analysis is contained on a

separate file, NT32. In this way the heat transfer analysis can be turned on (or off for IHT -- 0) by

simply changing the value of this variable. For cases in which a transient heat transfer load case

spans multiple structural load cases, a negative value is used to indicate a continuing heat transfer

load case so that no additional input will be read from the heat transfer deck.
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The eighth variable, IBUCK, indicates whether a buckling analysis is to be performed, and

how for how many modes. The limit on the number of modes is the same as for the free vibration

frequency eigenanalysis. The sign of this variable determines whether the original configuration

stiffness (IBUCK > 0) or deformed configuration stiffness (IBUCK < 0) will be used.

The ninth variable, IABSO, is the secondary electromagnetic analysis indicator. This

variable turns the electromagnetic analysis on or off for the current load case. The method used is

indicated at the beginning of the input deck on the initial control lines by variable IEMAG. The

input to the electromagnetic analysis module is contained on a separate input file, NT52.

The tenth variable on this line, ICAN, controls the micromechanics analysis module. A full

micromechanics analysis can only be done if the material properties have been calculated using the

micromechanics module. Once a structural f'mite element solution has been calculated, the results

are interpolated to individual cross sections speeified in Section XXV. of the input sheets and

processed to form the necessary loading inputs for the ICAN mieromechanics program. These

loading inputs are either displacements (ICAN - 1) in the form of reference plane strain and

curvatures or loads (ICAN = 2) in the form of stress and moment resultants. Individual ply stresses

and strains are then calculated from these inputs as detailed in the ICAN manual. It is possible to

use the finite element interpolated ply strains (ICAN -- -I) or both interpolated ply strains and

stresses (ICAN -- -10) rather than those calculated by ICAN from the input loadings. The

micromechancis analysis results are printed to FILE61.

The mieromeehanics module can also be used to simply interpolate the finite element ply

strains or stresses to a specified cross section. In this case the material properties may be either

calculated using micromechanies or input manually. This option can be useful for obtaining nodal

quantities to use for contour plots. The value of the ICAN variable determines whether the results

of this interpolation are printed with respect to the ply material coordinate system with 11 in the

fiber direction (ICAN = 3), the global coordinate system (ICAN = 4), or in an unrotated material

coordinate system, so that 11 lies along zero degrees regardless of ply orientation (ICAN = 5). The

interpolated stress results can be printed to FILE61 in a general printed output form (ICAN > 0) or
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in a SIESTA layered UOF (ICAN < 0). Note that these print options apply to cross section

interpolation only, IICANI = 3, 4, or 5.

The eleventh variable on this line, IFC, controls whether a macro level integration point

failure criteria will be calculated. Turning on this indicator will result in the reading of failure

strengths and parameters as described in Section XIV.4. of the input sheets, with the appropriate

calculations performed during stress recovery at each integration point. Note that the failure

criteria is applied using stress (or strain) values oriented as requested for printout by the variable

IPOUT.

4.1.1.2.2. Second Load Case Control Line

The f'trst variable on the second load case control line, NDIS, indicates how many nodal

prescribed displacement lines described in Section XIX. of the input sheets are to be read for the

current load case. These nodal displacements are generally non-zero values, or will be non--zero at

some point in the analysis. Degrees of freedom which remain zero throughout an analysis are more

efficiently handled as nodal f'mities. Once a nodal displacement is applied, it retains its value until

explicitly changed in a subsequent load case.

The second variable, NFOR, tells how many nodal force inputs are to be read in the current

load case. These inputs are described in Section XX. of the input sheets. Once a nodal force is

applied, it retains its value until explicitly changed in a subsequent load case.

The third variable, NTEM, indicates how many nodal temperature inputs are to be read for

the current load case. These nodal temperatures are also used as initial nodal temperature values

for a heat transfer analysis. The nodal temperature inputs are described in Section XXI. of the

input sheets. All nodal temperatures are initially set to zero degrees ff not otherwise specified. As

a timesaving feature, NTEM can be set to -1 to bypass thermal load calculations in those case,s

where there is no thermal loading.

The fourth variable, NPRE, indicates how many elemental pressure inputs are to be read for

the current load case. These inputs are described in Section XXII. of the input sheets. Once

pressures are applied, they retain their value until explicitly changed in a subsequent load case.
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The fifth variable, NADD, indicates the number of element addition or removal input lines

to read in the current load case. Besides adding or removing an element, this feature can be used to

change the material type of an element. These inputs are described in Section XXIII. of the input

sheets.

The sixth variable, IPOUT, pertains to the type of printed output desired for the current load

case. The types of output are nodal displacements, nodal reaction forces, and stress/strain output.

The default for this variable (IPOUT = 0) will indicate that all nodal displacements and reactions

are to be printed, and the stress/strain results are to be printed in the global coordinate system at

every integration point of each element using KSI units for stress. A summary of the max and rain

global stress and strain components are printed as well. All output for the load case can be

suppressed (IPOUT = -1). Any combination of the default output can be activated or suppressed

by the use of a packed code, where the different places (ones, tens, hundreds, thousands) of IPOUT

control different output results.

The ones place of IPOUT controls print of displacements, which can be turned off (=0) or

on (=1). For very large or small displacement values, an E format can be requested (=2). A

summary of displacement max and rains only can be requested (>2).

The tens place of IPOUT controls print of reaction forces, which can be turned off (_0) or

on (=I). A summary of reaction force max and mins only can be requested (>1).

The hundreds place of IPOUT controls the stress/strain printout. Stress/strain printout can

be turned off (--0), printed in ksi units with respect to global (=1), material (=2), or principle (=3)

orientations, or printed in psi with respect to global (-=4), material (=5), or principle (=6)

orientations. A couple of special forms of stress/strain printout are also available. A mission form

(=8), developed for use with MRLIFE residual strength calculations, has a limited number of

column labeling banners and outputs integration point stresses with temperatures on the same line.

An in-plane principle stress/strain option is also available which finds the principle stresses in the

material 1-2 plane and the associated angle about the material 3 axis. The two inteflaminar shear

stresses (23 and 13) are rotated so that only the 13 stress is non-zero, thus providing a maximum

interlaminar stress value along with the associated angle.
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Finally, the thousands location of ]POUT controls the stress/strain summary printout. If

detailed stress/strain print is requested (hundreds place ;_ 0), the stress/strain summary is

automatically performed in the same orientation. It is only if a stress/strain summary with no

detailed stress/strain output is desired that this place is of use. In such as case, the option is to print

the summary in gloabal (=1) or material (=2) orientations. For very small effective stressvalues,

the max effective stress will automatically be written in psi and noted as such on the output.

The seventh variable, TIME, is used in creep analyses. TIME is the time _ in

hours covered by the load case. It is not the ending time of the load case. The load case ending

time would be the sum of all TIME values entered in the current and all previous load cases. For

load cases with'our creep it can be used as a convenient way of labeling load cases. This variable

has no relation to the time variable used in a transient heat transfer load case.

The eighth variable, NTIM , is used to control when a structural analysis is performexl

during a transient heat transfer analysis. NTIMND refers to one of the NTIMSP time step points,

TIMSP, input to a transient heat transfer analysis as described in Section XXVII.3. of the input

sheets. At the time TIMSP(NTIMND) in the transient heat transfer analysis, the nodal temperature

results are transferred to the structural module and a solution of the structural load case is

calculated before continuing with the heat transfer solution.

The ninth variable on this line, N'FAIL, indicates how many failed stiffness lines as

described in Section XXIV. of the input sheets are to be read for the current load case. These failed

stiffnesses are integration points which are not to be included in the element stiffness calculations,

thus reducing the stiffness of the element.

The tenth variable, IEIGST, controls whether or not modeshape stresses are calculated. If a

value of 1 is indicated, stress and strain values for each requested vibration mode are calculated and

printed for only the top and bottom ply of each element. A value of 10 for IEIGST means that an

entire stress/strain printout is generated for all layers of an element for each modeshape. For

unlayered elements, a nonzero value for IEIGST results in a complete stress/strain printout. For

values of IEIGST > 10, an entire stress/strain printout is generated for all layers of an element for

the first (IEIGST - 10) modeshapes. The form of the output is similar to the sstatic stress/strain
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results printout. If IEIGST is entered as a negative number, the form of the output is a SIESTA

layered UOF.

The eleventh variable, NEOUT, is a flag used to indicate selective output of stress/strain

results. If NEOUT is zero (or omitted) stress and strain results are printed for all elements. If

NEOUT is not zero, stress and strain results will be printed for only the first NEOUT elements as

determined from the input order of elements on the input deck. Remember that the element

ordering on the input deck does not have to be sequential. For example, if the stress/strain results

for elements 5 and 10 are the only ones desired, set NEOUT=2 and put the definitions for elements

5 and 10 as the first two elements in the element def'mitions (Section V.) on the input deck.

4.1.1.3. Keyword Input

Keyword input is supplemental input which may or may not exist in any particular input

deck. Keyword input must be entered immediately following the load case control lines, but may

be entered in any order. This type of input contains a 4 letter keyword as the ftrst item on the input

line. The keyword indicates the type of input contained on the line. Keyword input is read until no

more keyword lines are found, at which time the structured input continues to be read as usual.

The currently recognized keywords are CDBG, DACC, DDBG, EIGS, LDBK, MATX, METH,

MICR, NRIT, PDBG, RDKS, and VIBC. Most of these keyword inputs turn off or revert to default

values for any load case they are not explicitly entered. The exceptions are DACC, LDBK, MAT,

METH, and NRIT, which retain assigned values until explicitly changed in a subsequent load ease.

4.1.1.3.1. Debug Printout Controls, PDBG, DDBG, and CDBG

Three of the keyword inputs control debug printout in their respective analysis modules.

These are the creep debug keyword, CDBG, the damage debug keyword, DDBG, and the plasticity

debug keyword, PDBG. Printout is generally written to the file NTDBG. A single integer value

following the keyword indicates the internal element number for which debug output will be

printed. Often, only debug output for the lust integration point in the element will be printed.
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4.1.1.3.2. Eigenanalysis Solution Parameters, EIGS

In general, the default parameter values for the subspace iteration method of computing

eigenvalues are sufficient to arrive at a converged solution. However, there may be instances when

it might be desirable to change the values of these parameters. This line can be used to make these

changes. The input line will not be interpreted as such unless the upper case character string EIGS

is the first entity contained on the line. Section XII. 1. of the input sheets describes the parameters

that can be changed. Any parameter interpreted as 0 will be assigned the default value.

4.1.1.3.3. Large Displacement Buckling, LDBK

The large displacement buckling keyword, LDBK, can be used to eliminate the stress

stiffness matrix in a large displacement analysis and only the change in geometry will contribute to

any change in stiffness. Buckling can be predicted by examining subsequent load case

displacements rather than with linear eigenvalue buckling. A single integer value following the

keyword is read, with large displacement buckling activated if this integer is non--zero. Once

turned on, this option remains in effect until explcitly deactivated by entering LDBK 0.

4.1.1.3.4. Nonlinear Force Calculation Method, METH

The nonlinear force calculation method keyword, METH, is used to indicate how the

pseudo force is to be calculated for an initial stiffness (right hand side) nonlinear solution method.

This applies to plasticity, damage, and creep analyses. A single integer value following the

keyword is read. For a value of 1, the pseudo force is calculated as the residual between applied

and internal forces. For a value of 2, the pseudo force is calculated directly from the inelastic

strains. This is the default method used if the METH keyword is not entered. Once specified, the

value assigned remains in effect until explicitly changed in a subsequent load case.

4.1.1.3.5. Newton-Raphson Iteration Method, NRIT

The Newton-Raphson iteration method keyword, NRIT, indicates whether modified or full

Newton-Raphson is to be used in a tangent stiffness nonlinear solution method. This applies to

4.16



plasticty and damage analyses. A single integer value following the keyword is read. For a value

of 0, the defadt modified Newton-Raphson is used, with the stiffness matrices updated only at the

beginning of a load case. A non-zero value indicates the number of iterations before the stiffness

should be updated so that a value of 1 will indicate full Newton-Raphson iteration, with the

stiffnesses updated after every iteration. Once assigned, this option will retain its value until

explcitly changed in a subsequent load case. It is recommended that this option not be used and the

default modified Newton-Raphson be accepted.

4.1.1.3.6. Damage Acceleration, DACC

This option is only applicable to damage mechanics analyses using the initial stiffness

method (IDMO>O) in conjunction with the METH=2 keyword option. The METH=2 option is the

default for initital stiffness damage mechanics. A single positive integer value following the

DACC keyword is read. This value indicates the number of iterations between acceleration

calculations. The Aitken A 2 method is used to accelerate the effective damage pseudo stress to the

converged value. If a zero is entered, acceleration is turned off. Any positve value other than zero

activates the acceleration option and sets the iteration interval for acceleration to that value. The

default value for this option is 3 so that acceleration of the solution will occur every 3rd iteration.

This keyword option is retained from load case to load case until explicitly changed.

4.1.1.3.7. Damage Iteration Averaging, DAVG

This option applies to damage mechanics analyses only. A nonlinear iterative analysis such

as damage mechanics may sometimes exlfibit oscillatory or possibly divergent behavior from

iteration to iteration. This behavior may be determined by examining the maximum convergence

criteria values for each iteration, printed to the timing summary. One method for damping out such

oscillations is to average results between iterations. The DAVG keyword allows the user to control

averaging of the elastic matrix, [D], and the damage strain, {e}d, over the current and previous

iteration. A single positive integer value following the DAVG keyword is read. A value of 0

indicates no averaging (the default). A value of 1 indicates that the elastic matrix, [D], is to be

averaged, but the damage strain is not averaged. A value of 2 indicates the reverse; the damage
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strain, {e }d, is averaged, but not the elastic matrix. A value of 3 indicates that both the elastic

matrix and damage strain are to be averaged. The value associated with this key'word option is

retained from load case to load case until explicitly changed.

4.1.1.3.8. Read Alternate Stress Stiffness, RDKS

The RDKS option allows the use of a different stress stiffness matrix for linear eigenvalue

buckling analyses than that generated for the current set of boundary conditions. This may be

desirable for certain panel buckling problems, in which pinned edge supports are applied together

with in plane edge loads. A single integer value following the keyword is read. A normal buckling

analysis is indicated by a zero value, in which the geometric and stress stiffnesses calculated for the

given boundary conditions are used in the buckling analysis. For a value of 1, the stress stiffness is

generated for the given boundary conditions, written to FILE7, and execution is halted. This

generates the alternate stress stiffness matrix. For a value of 2, the stress stiffness is read from a

saved FILE7 and used with the calculated geometric stiffness in the buckling analysis. The user

will be prompted to enter the FILE7 filename.

4.1.1.3.9. Change Vibration Boundary Conditions, VIBC

The VIBC option activates a read of additional prescribed displacement input lines just

prior to eigenvalue frequency calculations. This allows static solutions to be performed with one

set of prescribed displacements and frequencies calculated for a modified set of prescribed

displacments. This can be useful to avoid rigid body static solutions when using additional

stiffnesses as system stiffnesses to simulate system frequency solutions. A single integer value

following the keyword is read, which indicates the number of additional prescribed displacement

lines to be read.

4.1.1.3.10. Microstress Plot Output, MICR

This option creates output which can be processed to generate fiber and matrix stress

contour plots. This option is only available in conjunction with a full ICAN analysis (variable

ICAN = 1, 2, -1, or -10, see Section 4.1.1.2.1.). Version numbered files PATMICROF,
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PATMICROA, and PATMICROB are created which contain microstress results for each ply at

requested ICAN analysis locations. ICAN analysis at all layered nodes (NCS= -2) should be

requested to enable contour plotting. An external program, layavg.x, is available at GEAE to

complete the processing of these microstress Fries.

4.1.1.3.11. Material Selected Stress Summary, MATX

The stress/strain summary printed to the output file is usually the max and rain component

values found in the model without regard to material type. This option allows up to 3 different

materials to be selected for a separate summary of max and rain stress values. (The limit of 3 is set

by a PARAMETER, JMAT). If less than 3 materials are selected, a summary of max and rain stress

over the entire model is also printed. If 3 materials are selected, the overall summary will be for

the combination of just those three materials. This option will remain in effect from load _ to

load case until explicitly changed. Entering the keyword MATX with no material numbers

deactivates the option.

4.1.1.3.12. Linear Load Ramping, RAMP

The capability exists to ramp loads from one load level to another in any number of equal

load steps. Linear load ramping is activated using the keyword RAMP, with an integer number of

equal load steps indicated. Nodal forces and displacements, pressures, RPM, accel and thermal

loads are ramped. Stiff-nesses are not ramped. Stiffnesses at the final temperature value are used

throughout the load case. Results will be output at the Final load step only, not at intermediate load

steps. The linear ramping option must be reactivated for each load case for which ramping is

desired. A value of 0 or 1 indicates no ramping.

Restart of an analysis with ramping must be initated with an unramped load case so that the

initial load conditions for ramping can be established. This may require resolving the load ease

read from the restart file before continuing with the next ramped load case.
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4.1.1.4. File SLOP Mode Shape Slope Input

Mode shape slope calculations are performed for each vibration frequency requested ff a

file with the name SLOP (all uppercase) is found local to the CSTEM run. The presence of SLOP

is the only necessary item to initiate this calculation. Each line of this file corresponds to a

particular span location for which the modeshape slope is to be calculated. The five parameters on

each line are NLE, NMID ,NTE, IAXI, and ITAN. These parameters are the number of the node

whose deflections are to be used for the leading edge deflections (NLE), the node whose

deflections are to be used for the midchord deflections (NMID), the node whose deflections are to

be used for the trailing edge deflections (NTE), the degree of freedom to be used for the axial

direction (I.AXI'), and the degree of freedom to be used for the tangential direction (ITAN).

4.1.2. GEOMETRY

The CSTEM code uses isoparametric bricks containing 8, 16, or 20 nodes. The 8 node

bricks use linear shape functions, the 20 node bricks use quadratic shape functions, while the 16

node bricks use quadratic shape functions in 2 directions and linear in the third. The 20 node

bricks using reduced (2nd order) integration are the recommended element for use in a general

problem due to its greater flexibility and higher order displacement capability. Next would be the 8

node brick, with incompatible modes activated to allow more accurate modeling of bending.

4.1.2.1. Nodes

Nodes are points in space which are specified by a unique node number and the three

coordinates of the node in the global coordinate system (X,Y,Z). Both structural nodes and

reference nodes are used in CSTEM.

Structural nodes are connected into elements by the assumed displacement equations of the

particular element type. Section II. of the input sheets pertains to structural node input. The system

of equations relating the global degrees of freedom of the entire structure are set up based on the

order of input of the structural nodes, which means that the nodes do not have to be numbered in

consecutive increasing order. An option to reorder the set of equations to give the smallest nodal

bandwidth (and thus a quicker solution) is available. There is a limit on the number of structural
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nodes allowed (NNMAX) as well as on the largest structural node number allowed (NO). These

limits are often, but not necessarily, the same and are checked on input.

Reference nodes are points in space which ate used to set up transformations as described in

Section VIII. 1. of the input sheets. Nodes which are reference nodes only are temporary and are

input as described in Section VIII. 1. of the input sheets. These nodes are not retained once the

transformation matrix has been calculated; therefore, reference nodes are not subject to any nodal

limits as are structural nodes. Structural nodes can be used as reference nodes in defining the

transformations of Section VII/. 1. In fact, structural nodes are examined first when forming a

transformation with this method. If a structural node with the specified reference number is not

found, the reference node input is examined to find the specified reference number. For this reason

reference nodes must have node numbers which are different from structural nodes.

4.1.2.2. Elements

An element is the 3D volume in which a certain displacement pattern which relates the node

points of the element to all other points in that volume is assumed. Section V. of the input sheets

pertains to element input. The elements are specified on input by a unique element number, the

node numbers of the nodes associated with the element, and the material type in the case of

homogeneous material models. The nodes connected to the element must be input in a particular

order, which defines the structural coordinate system for that element. This node input order

(called connectivity) also defines the numbering of the 6 element faces, which provides a

convenient way to visualize the orientation of the structural coordinate system for an element.

Figure 3. shows the relationship between the element connectivity, the structural coordinate system,

and the element faces. The element numbers do not need to be input in consecutive increasing

order, but there is a limit on the number of elements (NEMAX). There is no specific limit on the

largest element number.

Elements may be made up of a single material type and orientation or layered with multiple

material types and orientations. When the element is composed of material layers some extra

consideration must be given to the shape and the nodal connectivity of the element since the layers

are often referenced to the structural coordinate system of the element. The element shapes should
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be such that, within each element, at least one axis of this coordinate system is consistently parallel

or perpendicular to the actual physical layers. Keep in mind that it is much easier to specify the

element layering when the structural coordinate systems of the elements are all lined up in the same

•direction. Also to ease this specification, the elements should be numbered such that they progress

through the structure in a consistent pattern.

4.1.2.3. Mesh Generation

Mesh generation of basic doubly curved shapes, including cylinders, cones, and planes, can

be done automatically in CSTEM. Mesh generation is activated by setting the control variable

INGEOM to a negative value. Section V.6. of the input sheets describes the input variables for

mesh generation. Multiple shapes can be generated and coincident nodes are checked for and

replaced by a single node. The magnitude of INGEOM indicates the number of separate surfaces

that will be generated. The nodes and elements are numbered in the order that they are generated.

The basic input required for generating a meshed surface is to locate the shape in the global

coordinate system, def'me the thickness and the number of elements through the thickness, and

specify the radius, curvature and number of element divisions about two orthogonal rotation axes.

To use the mesh generation capability in CSTEM, it is best to have an understanding of the

steps followed to generate a surface. The shape is located and the thickness is specified by defining

the global location of two points on the structure. One point lies at the center of the inner surface

of the generated shape and the other lies at the center of the outer surface of the generated shape.

The thickness axis of the structure is set up such that it passes through the global coordinate system

origin, the inner surface point, and the outer surface point. The vector distance between the inner

and outer surface points is the thickness. Two rotations are specified to generate the shape, which

is generated by incrementally sweeping through the rotation 2 angle for each rotation I increment

and generating nodes through the thickness at each increment location.

A mesh generation coordinate system is set up by rotating the global coordinate system

through two Euler rotations as is necessary so that the x" axis passes through the inner and outer

surface points. The x" axis will thus be the through thickness axis for mesh generation. To set up

this x" axis the global system is fh'st rotated about the global Z axis and then a second rotation is
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doneabouttheresultingy' axis. Theresultingcoordinatesystemis referredto asthemesh

generationor doubleprime(") coordinatesystem.

A rotation 1andarotation2 arespecifiedin the input to generatethe shape.Thesearenot

to beconfusedwith the two Eulerrotationsdoneautomaticallyasdescribedabove. Eachrotation

hasanangle,aradiusof curvature,anaxisof rotation,andanumberof elementsassociatedwiflait.

Theaxesof rotation arethey" andz" axes.Thesetwo axesandthe x" thicknessaxismakeup the

meshgenerationcoordinatesystem.Theinformation for eitherrotation axiscanbespecifiedas

rotation I andtheotherasrotation2.

The startingpoint for themeshis found by rotatingthex" axisby -1/2 the rotation 1 angle,

then -1/2 the rotation 2 angle about the respective rotation axes. Nodes are generated through the

starting point thickness according to the number of elements in the thickness direction. The x" axis

is then rotated a positive rotation 2 increment and the nodes through the thickness at this location

are generated. The rotation increments are determined by the number of elements specified in the

rotation directions. This process continues until the x" axis has been swept through the entix_

rotation 2 angle and nodes have been generated through the thickness at each increment. The x"

axis is then rotated a positive rotation 1 increment and back to the -I/2 rotation 2 position and the

process is started again. This continues until the x" axis has been swept through an entire rotation

1 angle.

4.1.2.4. Node / Element Examples

4.1.2.4.1. Basic Input Example

This example is for a 20 node brick made up of a homogeneous isotropic material.

Examples of 8 and 16 node elements are subsets of the 20 node element since the same first 8 or 16

nodes would be used. This example is for a single element section of a cylinder. The single

element is shown in Figure 21. Figure 22. is a split image in which the upper part contains the

actual input to generate the element, and the lower part contains the sections of the input sheets

which describes this input. This simple example illustrates the basic input for nodes and elements.
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FIGURE 21. SINGLE ELEMENT CYLINDER SECTION
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II. NODAL COORDINATES

NXYZ

HI, NODAL SKEW COORDINATE SYSTEMS

III. 1. Input Skews

NSKEW

Enter NSKEW of the foUowing lines.

N NTRN NEND NINC

IV. CONSTRAINT EOUATIONS

NCST

V. ELEMENT DEFINITION

V. 1. Header Line For Each Element Type

NTYPEL NELEMS INCOMP INTORD ISTRP KSAVE LYPRNT

V,4, 20 Node Solid (NTYPEL = 20)

NEL N1 N2 N3 N4 N$ N6 N7 N8

N9 N10 Nll NI2 N13 N14 N15 N16 N17 N18 N19 N20 1MAT

26 .50000E+00 .86603E+00 -.50000E+00

27 .62500E+00 .10825E+01 -.50000E+00

28 .75000E+00 .12990E+01 -.50000E+00

29 .25882E+00 .96593E+00 -.50000E+00

30 .38823E+00 .14489E+01 -.50000E+00

31 .00000E+00 . 10000E+01 -.50000E+00

32 .00000E+00 .12500E+01 -.50000E+00

33 .00000E+00 .15000E+01 -.50000E+00

71 .50000E+O0 .86603E+00 .00000E+00

72 .75000E+00 .12990E+01 .00000E+00

73 .00000E+00 .10000E+01 .00000E+00

74 .00000E+00 . 15000E+O1 ._E+00

110 .50000E+00 .86603E+00 .50000E+00

111 .62500E+00 .10825E+01 .50000E+00

112 .75000E+00 .12990E+01 .50000E+00

113 .25882E+00 .96593E+00 .50000E+00

114 .38823E+00 .14489E+01 .50000E+00

115 .00000E+00 .10000E+01 .50000E+00

116 .00000E+O0 .12500E+01 .50000E+00

117 .00000E+O0 .15000E+01 .500_E+00

0

0

1 2003-1 00

6 28 33 117 112

30 74 114 72 29

$ NODAL INPUT FOR 20 NODES

$ NODAL SKEWS (For rotated nodal boundary conditions)

$ CONSTRAINT EQUATIONS

$ ELEMENT HEADER LINE

26 31 115 I10 $ SINGLE ELEMENT NUMBER 6

73 113 71 27 32 116 111 1

FIGURE 22. BASIC NODE AND ELEMENT INPUT
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4.1.2.4.2. Mesh Generation Input Example

This example generates the 50 element double curved surface shown in Figure 24. The

input is shown in Figure 23. The elements are 20 node bricks and are all made of the same

material, the properties of which are those defined for material #1 in the material property input.

I. 1. P.,regenerated Skews

NSKEWP

1.2. Mesh Generation Definitions

L2La. Thickness Specification

XI YI Zl XO YO ZO NELMT

1.2.b. Rotation #1 Specification

ANG1 RAD1 IAX1 NELM1

/,..2.c. Rotation #2 Specification

ANG2 RAD2 IAX2 NELM2

1,2,d. Layer Orientation Definition

NGEN

|,2.e. Layer Material Definition

NSET NLAY

MAT ANG THICK

IGEN(I), I-1,N

0

20002000

1.0. 0. 1.750.0.2

45.3.0 2 5

90. 0.5 3 5

1

11

i 0. 0.75

1

$ pregenerated skews

$ element header line for generated elems

$ thickness specification

$ rotation 1

$ rotation 2

$ # layer generation sets

$ # layers in set

$ layer material properties

$ generation order

FIGURE 23. MESH GENERATION EXAMPLE
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m

50
4O

3O

49
39

29

49 19
39

47
37

27
45

3,q

25
43

33 15

23
41

31 13

21

41 11
31

1 2,

CORNER NOOES AND EI.EMENT NUMSEFIS LABELLED

2O

12

I0

I0

FIGURE 24. GENERATED DOUBLE CURVED SURFACE
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4.1.3. ELASTIC MATERIAL PROPERTIES

Elastic material properties are required for any structural analysis performed in CSTEM.

Materials used in CSTEM can be either isotropic or orthotropic. Section XIV. of the input sheets

pertain to material input. The material properties can be modified from load case to load case.

Material properties can be either input in table form or calculated from constituent properties for

fiber/matrix composites, but not both. There is also a capability for the user to supply material

matrices directly rather than material properties.

For the table input method, each material is specified on input by a unique material number,

a stress free reference temperature, the density, and the elastic properties of the material as a

function of temperature. The properties must be input in either increasing or decreasing

temperature order. There is no limit to the number of materials that can be input to a given problem

using the table input method. There is a limit (currently, NTEMP=10) on the number of

temperatures at which the elastic properties can be defined.

For the micromechanics calculation option, the constituents, the ratio of these constituents

in the specific material system, the cure temperature and the percentage of moisture are specified.

The unique material numbers are assigned consecutively in the order of input, with a limit

(currently, MXIMAT=10). The constituent properties are obtained from a data bank and the

material properties are then calculated for the temperature at the point of interest. The ICAN User

Manual, included as an appendix to this manual, contains additional information pertaining to the

calculation of the material properties and format of the constituent material property data bank.

Some special features of the material inputs may be useful. For the table input method, the

material density is used to calculate rotational loads, weight of the structure, and structrual mass

used in free vibration analysis. If no rotational loads exist and no vibration analysis is being done,

a zero density results in zero weight for that material with no further detrimental effects. If the

material properties are specified at only one temperature, those properties are used at all

temperatures. Also, a 'zero material' option is available in which a material with EX = 0 will not

be included in the structural stiffness. It will be included in the structural mass if the density is not

zero.
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As a note of caution, when using table input of orthotropic material properties care must be

taken to ensure that the Poisson ratios are correctly defined. The CSTEM code uses a row

• j E_
normalized definition of Poisson ratio: vii -- a, = v_

This is not a problem with isotropic materials since the Poisson ratios are the same.

The orientation of orthotropic materials can be specified in several ways. For a

homogeneous (unlayered) element, a skewed material coordinate system which transforms the

orthotropic material coordinate system to global can be assigned to the element. This is done on

input immediately following the element definition by assigning a transformation number to the

element. The particular transformation matrix associated with this transformation number is

defined later in the input deck using reference nodes, direction cosines, or Euler angles. For

layered elements, an additional method for specifying this orientation is available in which the

material coordinate system is oriented with respect to the structural coordinate system of the

element. This method requires specification of the element layering. This method can also be used

for homogeneous elements by specifying the element be layered with a single layer. It should be

noted that if a skewed material coordinate system is assigned to a layered element, the orientation

specified in the element layering will be used.

4.1.4. LAYERING

Layering isdone on an element level and allows a single element to contain several

different materials and/or material orientations. There is a limit on the number of layers in an

element, set by the parameter LAYMX. Layering may be used directly with layered elements or

the layering information may be used to generate equivalent homogeneous orthotropic ma_rial

properties for use with homogeneous 3D elements. Section VII. of the input sheets pertains to

element layering. It is also recommended that Section 2.4.3. of the CSTEM User Manual be read

to gain a better understanding of what occurs when layering elements.

There are basically three different ways that the layering of elements can be specified. The

f'k,'Stmethod is a manual way to directly assign the layering to the element. The other two methods

utilize a building block approach to assemble layups and then assigns the layup to a cross section,
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which can be from one to a limited number of elements thick. This limit is determined by the

parameter MAXIEL. This cross section definition can be calculated for a single representative

cross section and then assigned to several similar cross sections, or each cross section can be

calculated separately.

Following is a more detailed description of each of the three methods for specifying

element layering. In each case, the same example is used to illustrate the method. This example is

a composite beam as shown in Figure 25. The beam consists of a symmetric layup of 16 layers

with orientation:

0,+45,90,--45,0,+45,90,--45,--45,90,+45,0,-45,90,+45,0

The orientation angles are with respect to the beam axis and are stacked in the global Z direction.

All layers are of the same material and thickness. The finite element model for this example beam

contains 40 elements as shown in Figure 25.b. The connectivities are such that the structtnal

coordinate system is similar for all elements. A convenient way to check the orientation of the

structural coordinate system is shown in Figure 25.c. which labels the element faces.

4.1.4.1. Manual Layering Method

One way to specify the layup is to manually input the layering for the elements in the

model, as shown in Figure 26. Note that when using the manual layering method, the option to

generate equivalent homogeneous orthotropie material properties is not available.

The layer orientations can be referenced to the element structural coordinate system or

directly to the global coordinate system. In this example they are referenced to the elemental

system by specifying an angle of rotation about the elemental system axis which is aligned through

the thickness of the layers (LAX). Specification of the through the thickness axis also determines

the axis from which angles are measured. For LAX=3 zero degrees is measured from the R axis,

for LAX=2 zero degrees is measured from the T axis, and for LAX= 1 zero degrees is measured

from the S axis.

Since there are two elements through the beam thickness, 2 layer definitions must be

specified (NELAY=2). Here the upper half (+Z) elements are defined fast, then the lower half (-Z)
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X

Z

FIGURE 25.a. COMPOSITE BEAM

FIGURE 25.b. COMPOSITE BEAM ELEMENT NUMBERING

FIGURE 25.c. ELEMENT FACE NUMBERS
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2

2830402

1.125 45.

1.125 0.

1.125 135.

1.125 90.

1.125 45.

1.125 0.

1.125 135.

1.125 90.

1 830392

1.125 90.

1.125 135.

1.125 0.

1.125 45.

1.125 90.

1.125 135.

1.125 0.

1.125 45.

0

$ NELAY (IGAX = 0 since not specified)

$ NEL NLAYR LAX ISMEAR NEND NINC

$ IMAT PER ANG (LTRN = 0)

$ NEL NLAYR LAX ISMEAR NEND NINC

$ IMAT PER ANG

$ NGEN

FIGURE 26. MANUAL LAYERING EXAMPLE

elements. Since a layer interface occurs at the element interface in this example, there is no need to

split a layer between two elements.

The f'trst set defines the layering for elements 2 through 40 by 2 (i.e. elements 2, 4, 6, 8, .....

34, 36, 38, 40). The first layer is always at the negative end of the axis input as LAX, which in this

case is the element T axis. Therefore, for this case the layers in the ftrst set are input from the

beam midsurface, outward. The zero degree axis for this ease when LAX -- 3 is the element R axis,

which is at 90 degrees to the beam axis. This is taken into account in the specification of ANG.

Positive rotations are always counter--clockwise as viewed from the positive end of the rotation

axis.

The second set defines the layering for elements 1 through 39 by 2, where the layers are

input from the beam lower surface to the midsurface. Note that in this method the thicknesses are
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input as fractions of the element thickness (PER), and must therefore sum to 1.0 in each definition

set. The variable ISMEAR indicates the use of layered elements or homogeneous elements with

equivalent bulk material properties.

4.1.4.2. Cross Section Layering With Assignment To Multiple Cross Sections

Another way to specify the layup is to define the layup through the beam cross section and

have the program determine the layering for the individual elements. This method makes use of

repeating patterns and symmetry in the layup, using what can be thought of as a building block

approach. There are three levels in this approach: the individual layer, the repeating set (termed a

generation set), and the order in which the repeating sets are applied (called the generation order).

These generation orders are applied to cross sections of the model, which arc defined by a starting

element number and a through-the-thickness or stacking axis. This axis is one of the element

(r,s,t) structural coordinate system axes.

In this example case, the layup will be calculated for one input cross section and the

resulting element layering will then be assigned to several cross sections. Layered elements will be

used as opposed to homogeneous elements with equivalent properties. The input to do this is

shown in Figure 27.

0 $ NELAY

1 $ NGEN (IGAX= 0)

1 4 $ NSET NLAY

1.0625 90. $ LMAT THK ANG (LTRN= 0)

1.0625 135.

1.0625 0.

1.0625 45.

1 $ NORDER

1 $ IGEN(1)

1 $ NLAYUP

2 3 1 $ L1 LAX IORDR (_ND=- 0)

1 $ NCROSS

1 3 1 0 40 2 $ LMBEO LAX LORDR ISMEAR LXEND LXINC (LMEND=0)

FIGURE 27. LAYERJNG ASSIGNMENT TO MULTIPLE CROSS SECTIONS
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The repeating layer patterns are referred to as generation sets. In this case only 1 generation

set is needed (NGEN= 1). This set is set 1 and contains 4 layers. The cross section is fdled from

the outer surface, inward so the layers are input in that order. The order in which the generation

sets are used to assemble the layups is specified next. In this ease only 1 generation order is needed

(NORDR=I) and this order is simply to continuously use generation set 1.

The cross section thickness used to calculate the layup is defined next. Only 1 layup will be

calculated (NLAYUP= 1), and the cross section used begins at the free surface of element 2 and

progresses along the T axis using layup generation order I. Since LEND is 0, the cross section to

be filled continues until a free surface is reached. When specifying a cross section between two

free surfaces, the beginning element at either end of the layup axis, LAX, can be used. A cross

section which does not begin and/or end at a free surface can also be used, in which case the

beginning element, L 1, is at the negative end of the layup axis and the ending element is indicated

by LEND. The layup will be symmetric because LAX is positive. This is done by filling the first

half of the cross section thickness according to the specified generation order, then filling the

second half with the reverse of the ftrst half. This means that if the midsurface is reached before all

the layers in the generation order are used the plies are dropped at the midsurface rather than the

outer surface.

Once the cross section layup is defined, it must be assigned to cross sections in the model.

The use of layered elements or homogeneous elements for the cross sections must also be defined.

This case assigns the single calculated cross section to every cross section in the model and

indicates the use of layered elements for all cross sections. Multiple cross sections are specified by

indicating the beginning element of the first cross section, the beginning element of the last cross

section, and an increment in element number. All elements in each cross section must increment by

the same number from the similar element in the previous cross section. The assigned cross

sections are assumed to begin and end at free surfaces unless LMEND is not zero, in which ease

LMBEG must be at the negative LAX end of the cross section and [aMEND at the positive LAX

end. The variable IS_AR indicates the use of layered elements or homogeneous elements with

equivalent bulk material properties.

4.34



The calculation of the layup from the generation order results in layer thicknesses expressed

in terms of fractions of the cross section thickness. Therefore, the actual layer thicknesses will be

scaled by the thickness of the cross section to which the layup is assigned. The element layering is

determined and assigned using the fraction of the total thickness instead of the actual thickness

values. This allows the same calculated layup to be assigned to cross sections containing various

number of elements. Also, note that LAX does not need to be the same in the cross section being

used to determine the total layup and the cross section to which the layup is assigned. However, the

layer angles will be referenced from the axis corresponding' to LAX of the assigned cross section.

In this case since LAX -- 3, zero degrees refers to the R axis.

4.1.4.3. Cross Section Layering With Generation For Each Cross Section

The use of a representative cross section to determine the layup and then assigning this

layup to several cross sections as described in Section 4.1.4.2. can not be done if each cross section

is of a different thickness. For such a situation the Iayup is different in each cross section, and thus

in each element. The next example uses a method that calculates the layup and assigns the element

layering for each cross section. The building block approach is the same, however. Layered

elements rather than homogeneous elements with equivalent properties are used once again. The

input for this example is shown in Figure 28.

The input for this method is very similar to that shown in Figure 27. with the exception that

no layup is calculated before assigning to cross sections. The value of LORDR then refers to the

generation order to use instead of the calculated layup.

4.1.4.4. Special Layering Considerations

Some considerations to the layout of the mesh on the structure are necessary to ease the

specification of element layering. First of all, it is extremely convenient if the orientation of the

structural coordinate system of all elements is basically the same. This means that when looking at

a given surface of a model, the face number of elements on that surface are all the same and, more

importantly, the through thickness axis will be the same. Also, a consistent element numbering
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0

1

14

1.0625 90.

i .0625 135.

I .0625 0.

1.0625 45.

1

1

0

1

1310402

$ NELAY

$ NGEN (IGAX= 0)

$ NSET NLAY

$ LMAT THK ANG (LTRN= 0)

$ NORDER

$ IGEN(1)

$ NLAYUP

$ NCROSS

$ LMBEG LAX LORDR ISMEAR LXEND LXINC (LMEND= 0)

FIGURE 28. LAYERING GENERATION FOR EACH CROSS SECTION

pattem is very helpful when assigning or generating layups. This allows the layering of several

elements to be specified with a single input line.

The material coordinate system is formed as an orthogonal coordinate system beginning

from the structural coordinate system of the element. One axis of the structural coordinate system

is used as a basis and remains unchanged in the material coordinate system. This basis axis is

crossed into one of the other two structural axes to form the second material system axis. The final

material axis is formed as a cross product of the fwst two. If the through thickness axis is

perpendicular to the layer surfaces, it can be used both as the basis for the orthogonal materiai.

coordinate system and as the material 3 axis, about which the layers are rotated. If this is not the

case, one of the other two element structural coordinate system axes can be specified as the base

axis on which to build the orthogonal material coordinate system by designating the through

thickness axis, LAX, as a two digit code. The In'st digit (tens place) is the through thickness axis

and the second digit (ones place) is the axis to be used as the basis in forming the material

coordinate system.

The material reference (zero degree) axis is determined by the selection of the through

thickness axis and is oriented as a result of the selection of the base axis. Depending on the

geometry, this can result in different reference orientations in each element. In these eases it may
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bedesirableto orientthereferenceaxiswith respectto theglobal systemwhile rotatingaboutan

axisnormalto the layers. ThiscanbedoneusingtheIGAX input variable. Thevalueof IGAX

indicatestheglobal axis (I=X, 2=Y, 3=Z) andthe signof IGAX indicateswhetherthereference

axisis to bemadeperpendicular(+) or parallel (-) to theglobal axis. Theglobalaxis indicatedby

IGAX will beprojectedontothematerial1-2 plane. Thematerialsystemwill thenbe rotated

aboutthethroughthicknessaxisuntil thereferenceaxis is perpendicular(IGAX > 0) or parallel

(IGAX < 0) to thisprojectedglobalaxis.

To illustratethemeaningof thepreviousparagraphsrefer to theelementsin Figures28.a.,

28.c.,and28.b. Thesefiguresshowthreeelementslayeredsuchthatthe layerslie in theX-Z

plane. Theexposedfacenumbersareprintedon thefiguresto show theelementstructural

coordinatesystem.

Theelementin Figure28.a.is acubesothatthe structuralcoordinatesystemisexactly

alignedwith theglobal systemthroughoutthe element.The S axisis thethroughthicknessaxis

andit is parallelto theglobal Y axisas indicatedby thefacenumbers. In this caseLAX-2 canbe

specified,which will result in a materialsystemparallel to the global systemafterperformingthe

crossproductcalculations.Thereferenceaxis in thiscaseis thestructuralT axiswhich lies parallel

to theglobalZ axis,andthe90degreeaxisis thestructuralR axiswhich is parallel to theglobalX

axis.

Theelementin Figure 28.b.is skewedsuchthatthe S axis is not perpendicularto theR-T

plane,in general.TheR axisis alwaysparallelto theglobal X axisandtheT axis is always

parallelto theglobalZ axisbecauseeachX-Z crosssectionremainsrectangular.In thiscase

LAX=21 or LAX=23 couldbespecified,eitherof which will result in amaterialsystemparallel to

theglobalsystemwith thereferenceaxisalongglobal Z.

Theelementin Figure28.c.is skewedevenmoresotlaatneithertheS axisor T axis is

consistent throughout the element. The R axis remains parallel to the global X, however, because

the sides of the element remain parallel to the X axis. In this case LAX=21 is the only choice that

would form a material system aligned with global. Use of LAX-23 would result in a system with

the material 3 axis perpendicular to the layers, but the reference axis would not generally be
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FIGURE 28.a. ORTHOGONAL STRUCTURAL COORDINATE SYSTEM
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HGURE 28.b. NON-ORTHOGONAL THROUGH THICKNESS AXIS
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FIGURE 28.c. R AXIS CAN BE USED AS MATERIAL BASIS AXIS
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alignedwith theglobalZ axis. If IGAX= I wasspecifiedtogetherwith LAX=23, theresulting

materialsystemwouldbealignedwith global. Specifying IGAX= 1will resultin arotation of the

materialsystemaboutthematerial3 (throughthickness)axisuntil thereferenceaxis is

perpendicularto theglobalX. Becausethematerial3 axis is alignedwith the.globalY axis, the

referenceaxiswill bealignedwith theglobalZ (perpendicularto bothY and X). If the material 3

axis made an angle with the global Y (as would be the case if LAX=2 was specified) and IGAX= 1

was used the resulting reference axis would lie in the global Y-Z plane at art angle to the Z axis

that would be the same as that between the material 3 axis and global Y.

For models in which the layup is radial-tangential in nature, the IGAX variable can be used

to indicate the material 1 reference axis is to be oriented with respect to a tangential axis. The

radial-tangential axis system is aligned with the global system at zero tangential rotation. IGAX is

entered as a two digit combination, where the tens digit indicates which global axis is aligned with

radial and the ones digit indicates which global axis is aligned with tangential. The coordinates of

the integration point are used to calculate the angle of the point in the radial-tangential system.

The material axis system is then rotated about the material 3 axis until the material 1 reference axis

is perpendicular (IGAX > 0) or parallel (IGAX < 0) to the projection of the tangential axis on the

material 1-2 plane.

The stiffness integration points for layered elements are located at the layer midplanes, thus

the distribution of layers in the element thickness direction determines the location of these

integration points. A Gauss distribution of the integration points gives a good integration of

stiffness with a minimum of points. Since layering generally moves these integration points from

this optimal location, more than the minimum number through the thickness will generally be

required to integrate the element stiffness as accurately. This means that there should be at least

three layers in an element, and probably better to have five or more (see Figure 8.). Also, layers

that have roughly the same thickness in an element give the best integration of the element

stiffness. Elements composed of a very thick layer or two and then some thin layers may not have

their stiffnesses integrated as accurately as if the thick layer was broken down into several layers of
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thickness on the order of magnitude of the thin layers. It should be kept in mind though, that the

more layers in an element, the longer it will take to calculate the stiffness.

4.1.4.5. Layer Orientation Visualization

To aid in visualizing the material orientation resulting from the layering input, a printout

can be obtained which contains the direction cosines of the material reference axis scaled by the

magnitude of the Jacobian for this axis. This is printed at one integration point for each layer of

each element. The particular integration point is indicated by the input variable LYPRNT, which is

the flag controlling whether the layer visualization ftie is to be printed (see Section V. 1. of the input

sheets). This can be used with a two node beam element with one end positioned at the element

centroid and the other end displaced from the centroid by the scaled cosines. The format of this t'tle

is:

Layer No., Node No., Dx, Dy, Dz, NNMAX

The node number is based on the element in which the layer occurs according to the equation

2*(LX-1)+NNMAX+ 1, where LX is the element number and NNMAX is the maximum number of

nodes allowed. The scaled direction cosines are Dx, Dy, and Dz. The layers in an element are

numbered from 1 to the number of layers in the element with layer 1 at the negative end of the

LAX axis. For models with more than one dement through the thickness there will be more than

one layer 1 in each cross section.

4.1.5. CONSTRAINT EQUATIONS

Constraint equations enforce a relationship between nodal degrees of freedom. This

relationship and the degrees of freedom that they relate are defined by the user input. The form of

the constraint equation input as used in CSTEM is described in Section IV. of the input sheets.

Essentially, the constraint equation defines a dependant degree of freedom as some linear

combination of various independant degrees of freedom. There is a limit to the number of

independant degrees of freedom. Currently MXCST is set to 20. There is also a limit to the total

number of degrees of freedom which may be related to a single element. This includes the normal
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degrees of freedom for the element as well as any additional degrees of freedom that may be

included due to the constraint equations. This limit, MDOFE, is currently set to 90.

4.1.6. ADDITIONAL STIFFNESSES

Additional stiffnesses are stiffness terms relating the translation and rotation DOF between

a pair of nodes. Additional stiffnesses are described in Section X. of the input sheets. These may

be used for many purposes and are often used as spring constants to apply soft ground springs to a

structure in order to perform a free-free vibration analysis. Lumped mass and rotary inertia terms

can also be input for the same DOF as the additional stiffness terms. This allows simulation of

system effects on a model. Stiffnesses and masses are entered in terms of global DOE

4.1.7. TRANSFORMATIONS

Transformations are used in many places throughout the CSTEM code such as for rotated

nodal boundary conditions, orthotropic material transformations, and electromagnetic loading.

There are three ways to specify transformations. In each method the transformations are associated

with a unique transformation number by which the transformation will be identified in other parts

of the input deck. The input transformation matrix should transform from global to local. See

Section 2.3. for a more detailed explanation on how transformations are used, while Section VIII.

of the input sheets pertains to the specification of transformations.

The first method for specifying a transformation uses three reference nodes to define a base

axis and plane. The f'n'st node forms an origin, the second a local X axis, and the third forms the

local X-Y plane and indicates the direction of the positive Y axis. The reference nodes may be

structural nodes, but extra non-structural nodes (which are not subject to the node limits) may be

entered immediately prior to specification of the transformations. The second way to specify

transformations is to enter the direction cosines of the transformation matrix directly. Only the

direction cosines of the local X and Y axes are input, while the local Z axis is determined by

crossing local X into local Y. The third way to specify transformations is to use Euler angles.

Beginning with the global system, the rotations about the global X axis, the resulting local Y axis
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and the final local Z axis are entered so that the global system will be rotated to align with the

desired local system.

4.1.8. NODAL FIXITIES

Fixed nodal degrees of freedom are treated differently than non-zero prescribed nodal

displacements. When a degree of freedom is specified as fixed, the equation associated with that

degree of freedom is not included in the global set of equations. This means that the degree of

freedom cannot be changed to a non-zero value at any time during the analysis. Section IX. of the

input sheets pertains to nodal fndties. The fixed node number is followed by six indicators

corresponding to six degrees of freedom. These six DOF are the translational degrees of freedom

along the X, Y, and Z axes and the rotational degrees of freedom about the X, Y, and Z axes

respectively. These DOF are in the global system unless a transformation is specified in Section

III. for the fixed node. A fixed degree of freedom is indicated by a 1 in the appropriate location.

The 3D elements used in CSTEM have three translational degrees of freedom only at each node, so

the rotational degrees of freedom are automatically fixed regardless of the input value.

4.1.9. NODAL DISPLACEMENTS AND FORCES

Nodal forces and prescribed displacements are applied in the three directions of the active

coordinate system for the node. This active system is the global system unless otherwise speeitied

by assignment of a transformation to the node. Sections XIX. and XX. pertain to nodal prescribed

displacements and forces respectively. These values can be changed from load case to load case.

The degree of freedom in which the boundary condition is applied is indicated as an integer 1, 2, or

3 corresponding to the translational DOF along the X, Y, or Z axis.

4.1.10. NODAL TEMPERATURES

Nodal temperatures can be input for each load case, or calculated by running a coupled heat

transfer analysis. Section XXI. of the input sheets pertains to specifying nodal temperatures by

input. When doing a heat transfer analysis the initial temperatures are input in this way. Nodal
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temperature input ignores specification of node numbers which do not exist. This is done to ease

input of a temperature for all nodes when the node numbers are not consecutive and inclusive.

4. I. 11. PRESSURE LOADS

Pressures are loads applied to element faces. The pressure loads are converted internally to

the nodal loads necessary to simulate the pressure, consistent with the order of the element itself.

These loads may vary across the face and may be changed from load case to load case. Section

XXII. of the input sheets pertain to pressures. Positive pressure induces compression in the

element. An element may have pressure loads on all six faces at once. The variation in pressure

across an element face is indicated by specifying the pressure value at each of the nodes comprising

the face. If only one pressure value is entered it is assumed that the entire face is subjected to a

constant pressure of this value.

For large displacement problems, the geometry is updated from load case to load case. The

pressure normally is assumed to remain perpendicular to the deformed element face and nodal

loads are calculated using the face geometry at the beginning of each equilibrium iteration. By

entering the face number as a negative number, the undeformed face configuration can be used

when calculating the nodal loads.

4.1.12. PLASTICITY ANALYSIS

Plasticity is time independent nonlinear material behavior. A more detailed description of

the theory behind the plasticity models implemented in CSTEM can be found in Section 3.1.11.2.

while this section describes the actual plasticity analysis input variables. Section XV. of the input

sheets pertains to plasticity analysis input. Plasticity models are activated as a function of material

type, so that more than one plasticity model may be active within a single analysis.

4.1.12.1. Activating A Plasticity Analysis

The variable IPLO, described in Section 4.1.1.1.4., must be set to a nonzero value in order

for a plasticity analysis to be performed. IPLO also defines the iteration method to be used. A load

case control variable, IPC, controls whether the plasticity input variables described in this section
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are read in a load case. Plasticity analysis input will be read when IPC= 1, as described in Section

4.1.1.2.1.. Plasticity analysis input must be read before a plasticity analysis can be performed.

Once the plasticity parameters and properties have been read it is not necessary to input them in

every subsequent load case. Only if the user wants to change any of the plasticity parameters or

properties from previously input values do they need to be entered in a subsequent load case.

One of the plasticity parameters read when IPC=I is the plasticity model selection flag,

IPLAS. This variable can be used as a local turn off switch for plasticity analysis by setting IPLAS

-- -1. IPLAS can then by reset and plasticity analysis continued in a subsequent load case. IPLAS

is initially set to -1 until the user selects the desired model, activating the plasticity analysis. There

are currently four different plasticity models from which the user may choose, including a user

defined model. There are two isotropie material models: simple isotropic hardening (IPLAS---O),

which is not intended for use with fully reversed plasticity cyclic loadings, and a subvolume model

(IPLAS=I), which is a kinematic hardening model by default, but has some hardening adjustment

capabilities. There is one orthotropic plasticity model (IPLAS=3) developed for use with fibrous

composite materials. The user plasticity model option (IPLAS=I0) requires the user defined

plasticity model to be compiled as part of the CSTEM code.

4.1.12.2. Plasticity Iteration Control

Plasticity analysis is an iterative procedure. The maximum number of iterations allowed in

a load step is specified by the variable MPIT. This parameter is independent of material type. If

convergence is not achieved in MPIT iterations, an unconverged solution is declared. It is

recommended to stop execution if an unconverged solution is obtained, however by specifying

MPIT as a negative number, the user can be daring and continue execution from the unconverged

solution.

Another parameter which controls plasticity iterations is the convergence tolerance, PTOL.

This is a material dependent parameter, since different values can be specified for different

materials. Convergence is determined by comparing the change in plastic strain increment between

subsequent iterations to the convergence tolerance. If the change is less than the convergence
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toleranceateveryintegrationpoint, convergenceis achieved. If PTOL is enteredasa negative

number,apercentchangeis used. A defaulttoleranceof I.E-5 is usedif zero isenteredfor PTOL.

4.1.12.3.PlasticityMaterialProperties

Thematerialpropertiesrequiredfor plasticity vary somewhataccordingto theplasticity

modelbeingused. In general,curvesof stressvs. total strainat asingleor multiple temperatures

for eachmaterialarerequired. A detailedexplanationof requiredinput follows by plasticity model

type.

4.1.12.3.I. IsotropicMaterialPlasticity

Isotropic plasticity input is described in Section XV.3. of the input sheets. Both the simple

isotropic hardening plasticity model (IPLAS--0) and the subvolume kinematic hardening plasticity

model (IPLAS=I) take the same of material inputs. This consists of stress-strain pairs which form

a piecewise continuous uniaxial stress vs. total strain curve. A curve must be entered for each

material defined elastically and for the same temperatures as the elastic properties of that material.

The temperatures themselves are not entered as part of the plasticity input, the stress-strain curves

are simply assigned to the elastic property temperatures according to the order of input.

An initial line of input is entered which defines the material number (IMAT), the number of

stress-strain pairs in each curve (NPS) for this material, and the convergence tolerance (PTOL) for

this material. If NPS is zero or negative, no stress-strain pairs will be read.

This initial input line is followed by the uniaxial stress-strain curve data, which is entered a

curve at a time as stress and total strain pairs, one pair per line, stress in psi then total strain in

inches/inch. The fast stress-strain pair in each curve defines the beginning of the nonlinear portion

of the curve and should be consistent with the elastic modulus at that temperature. There are NPS

stress-strain pairs in each curve and the curves are entered in the order corresponding to the

temperatures entered for the elastic constants of the same material.
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4.1.12.3.2. C.T. Sun Orthotropic Plasticity

Orthotropic plasticity input is described in Section XV.4. of the input sheets. The

orthotropic plasticity model (IPLAS=3) requires the definition of potential function parameters in

addition to the master effective stress vs. effective plastic strain curves. The potential function

parameters should be determined such that the master stress-strain curves are independent of the in

plane orientation of the orthotropic material. Definition of the potential function parameters allows

calculation of effective stress from the uniaxial stress test component (equation (96)) and then

calculation of effective plastic strain (equation (99)). The master effective stress vs. effective

plastic strain curve can be entered as stress-strain pairs defining a pieeewise continuous curve or as

coefficients defining a power law representation of the curve. Orthotropic plasticity inputs must be

entered for each material defined elastically, however the number of temperatures and the

temperature values need not be the same as those used to define the elastic constants. The input

range of temperatures should bracket the temperatures to be encountered in the analysis.

An initial line of input defines the material number (IMAT), the number of temperalm'es

(NTEM) at which properties will be det-med for this material, the number of stress-strain pairs

(NPS) in each master stress-strain curve for this material, and the convergence tolerance (PTOL)

for this material. If NPS is entered as a zero, a power law representation of the master stress-strain

curve will be read. A positive NPS value will cause NPS stress-strain pairs to be read. A negative

value for NPS will cause no master stress-strain curve parameters to be read. This may be useful

when performing orthotropic creep and no plasticity.

Fo r eac h of the NTEM temperatures, the !_tenti_ functionpararae_r s _ entered followed

by the master stress-strain curve for that temperature. The inputs should be entered in either

increasing or decreasing temperature order. The temperature value is input on the same line as the

potential function parameters AI2, A23, A13, a44, a55, and a66. The parameters a12, a23, and a31 can

be calculated from elastic constants and not input or may be entered on this same line of input.

After entering the potential function parameters for the temperature, the master stress--strain curve

is entered either as NPS effective stress, effective plastic strain pairs, one pair to a line, or as three

constants (A, n, and C) defining the master effective stress vs. effective plastic strain curve as a
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power law function, _ = A_Y'_ + C'_. The potential function parameters are unitless, while the

master stress-strain curves are for stress in psi and strain in inches/inch.

4.1.12.3.3. User Plasticity

User plasticity is described in Section 3.1. 11.2.4. User plasticity (IPLAS=10) reqtti_s the

users plasticity model code be compiled with the CSTEM code. Access to the CSTEM iteration

procedure is through the subroutine CHOOK. User plasticity material properties and model

parameters can be entered, stored and retrieved using the UMATIO subroutine. The input required

by CSTEM are the lengths of the CHOOK and UMATIO vectors, and the UMATIO vectors

themselves.

The CHOOK vector lengths, NIPS, NRPS, NEPS, NSTATP, and NSTATM, must include

the reserved, predefined values. If the user has no data to store in these vectors, the minimum

value that should be input for each of them is NIPS = 10, LRPS = 15, LEPS = 18, LSTP - 30, and

LSTM = 0. Any additional data that the user plasticity model needs to store in these vectors will

increase the vector lengths from these minimum values. The full vector lengths are input.

The UMATIO vectors have no predefined length, with the exception of use with the damage

model. When the damage model is not activated, the value of MQMX is the maximum length

needed for any one material specification. The user plasticity material properties need not all have

the same number of items for each material, but MQMX should indicate the largest number

(maximum vector length) that a material will need.

After specifying the vector lengths, two lines of input containing plasticity and creep

iteration parameters are needed. Both lines are input whether or not both user models are used.

The fn'st line contains the maximum number of plasticity iterations allowed (PLITER) and a

convergence tolerance (PTOL) which may be used at the users discretion. Note that if the user

does not check for convergence, CSTEM checks for convergence using a default convergence

tolerance and technique (1.E-5 max difference in Von Mises effective plastic strain increment

between iterations, checked at each integration point). Creep iteration parameters are similar to the

plasticity iteration parameters.
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User material vectors must be entered for each material defined elastically. A separate line

defining the material number (MTN) and length of the user material vector (MATQ) is entered.

This is followed by the material properties and other material parameters that a user plasticity

model may require. These properties and parameters may be entered on any number of line.s and

with any number of inputs per line. The inputs will be read until MATQ quantities have been read

and stored into the material vector for material MTN. These properties will be made available to

the user model through the UMATIO routine in exactly the same order as read from the input deck

Any dependencies, such as temperature dependence, can be contained in the user model material

vectors at the discretion of the user, who will have to interpolate or utilize this data as required.

4.1.13. CREEP ANALYSIS

Creep is time dependent nonlinear material behavior. A more detailed description of the

theory behind the creep models implemented in CSTEM can be found in Section 3.1.11.4. while

this section describes the actual creep analysis input variables. Sections XVI. and XVII. of the

input sheets pertains to creep analysis input. Creep models are activated as a function of material

type, so that more than one creep model may be active wi_ a single analysis.

4.1.13.1. Activating A Creep Analysis

The variable ICRO, described in Section 4.1. I. 1.4., must be set to a nonzero value in order

for a creep analysis to be performed. Setting ICRO to a nonzero value will cause the time

increment controls to be read. Time increment control variables are entered for every load case.

The size of the time step for the load case is defined by the variable, TIME, entered on the load

case control line. The time step should be greater than zero to perform creep analysis during the

load case. No creep will occur for a zero time step.

Another load case control variable, IPC, controls whether the creep analysis parameters

material input variables are read in a load case. Creep analysis input will be read when IPC=2, as

described in Section 4.1.1.2.1.. Creep analysis input must be read before a creep analysis can be

performed. Once the creep analysis parameters and properties have been read it is not necessary to

input them in every subsequent load case. Only if the user wants to change any of the creep
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parameters or properties from previously input values do they need to be entered in a subsequent

load case.

One of the creep parameters read when IPC=2 is the creep model selection flag, ICRP.

"This variable can be used as a local turn off switch for creep analysis by setting ICRP = 0. ICRP is

initially set to 0 until the user selects the desired model, activating the creep analysis. There are

three creep model options, including a user creep model. The creep model used is selected by the

variable ICRP, where ICRP= 1 for isotropic material creep, ICRP=2 for orthotropic material creep,

and ICRP=10 for a user creep model. The type of creep hardening is specified by the variable

IHARD, where IHARD=0 indicates time hardening and II-IAR.D= 1 indicates strain hardening.

4.1.13.2. Time Increment Control

Time incrementing is described in more detail in Section 3.1.11.4.1. The time increment

control variables are all entered on a single line in each load case of a creep analysis. For the

simple division of a time step into equal increments, only the variable N2M needs to be entered to

define the number of increments. To use dynamic time incrementing, N2M is entered as 0 and

other variables on the line may need to be input, although default values will be used if no other

values are given.

The initial time increment size for the load case (TINrr) should be chosen small enough so

that the creep analysis converges in this f'trst time increment, but not so small that an unnecessary

number of increments will be taken due to the limit on the increase of time increment size. The

default for the f'trst load case is 1% of the time step. For subsequent load cases the default is half of

the final time increment used in the previous load case.

The remaining inputs on this line define the time increment size with the maximum

effective creep strain increment allowable in a time increment (ECMAX), the maximum effective

stress increment allowable in a time increment (SIGMAX), the maximum allowable integration

error in a time increment (ERMAX), the minimum allowable time increment size (DELMIN), and

the maximum multiplier allowed in going from one time increment to the next (DELMUL). The

use of these inputs may best be explained by referring to the equations of Section 3.1.11.4.1.,
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where SIGMAX = in equation (101), ECMAX = {Aeo,_} in equations (102)
_J / allowable \ _JJ / allowable

and (105), and ERMAX is the variable tol used in equation (105). The defaults for these variables

are listed in the input sheets, Section XVI.

4.1.13.3. Creep Iteration Control

Creep analysis is an iterative procedure. The maximum number of iterations allowed in a

time increment is specified by the variable MCIT. This parameter is independent of material type.

If convergence is not achieved in MCIT iterations, an unconverged solution is declared. It is

recommended that execution be stopped if an tmconverged solution is obtained, however by

specifying MCIT as a negative number, the user can continue execution from the unconverged

solution.

Other controls on creep iteration are material dependent, but are identical for the two creep

models implemented in CSTEM. Convergence can be obtained as either an absolute difference in

the Von Mises effective stress from one iteration to the next or as a percent difference in this stress.

The variable ICRC indicates which method to use, 0 for stress difference, 1 for percent difference.

The convergence tolerance, CTOL, is entered as psi or decimal percent (.01 for 1%) according to

the value used for ICRC. A temperature cutoff, TCUT, defines the temperature below which no

creep will occur. Although extrapolation of creep constants outside the range of input temperatures

is allowed, it is good practice to specify the temperature cutoff as the lowest temperature at which

creep constants are entered to avoid this extrapolation. (Of course this requires that creep constants

be entered over the actual temperature range in which any significant creep occurs.)

4.1.13.4. Creep Material Properties

The material properties required for creep vary somewhat according to the creep model

being used. In general, creep equation constants at a single or multiple temperatures for each

material are required. A detailed explanation of required input follows by creep model type.
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4.1.13.4.1. Isotropic Material Creep

The material number for which the input applies (IDM) is listed on the same line as the

cutoff temperature (TCUT), creep convergence parameters (ICRC and CTOL), and normalization

stress. The normalization stress is in psi. It is the value divided into the effective stress used in the

creep equation, since the effective stress used in the creep model is in psi. This allows creep

constants for stress in ksi or some other units to be used if desired. Note that the normaliz_kion

stress defaults to 1000_ if no value or zero is entered.

Creep constants can be entered at up to ten temperatures. These temperatures need not

correspond to the temperatures at which elastic properties are defined or to temperatures at which

creep properties for other materials are defined. The temperatures (CTEM) are all entered on a

single input line in increasing or decreasing order. If a single temperature is entered, the creep

constants will be the same at all temperatures. Following the temperatures, the creep constants are

entered in the order corresponding to the temperature input. There are five constants for this

model, K, n, m, Q, and r, describing the creep equation (equation (106), repeated here)

K + Q t (10 )

The units for constants K and Q should be consistent with the choice of normalization stress.

4.1.13.4.2. C.T. Sun Orthotropic Creep

The material number for which the input applies (IDM) is listed on the same line as the

cutoff temperature (TCUT), creep convergence parameters (ICRC and CTOL), and normalization

stress. The normalization stress is in psi. It is the value divided into the effective stress used in the

creep equation, since the effective stress used in the creep model is in psi. This allows creep

constants for stress in ksi or some other units to be used if desired. Note that the normalization

stress defaults to 1 if no value or zero is entered.

Creep constants can be entered at up to ten temperatures. These temperatures need not

correspond to the temperatures at which elastic properties are defined or to temperatures at which

creep properties for other materials are defined. The temperatures (CIT_aM) are all entered on a
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single input line in increasing or decreasing order. If a single temperature is entered, the creep

constants will be the same at all temperatures. Following the temperatures, the creep constants are

entered in the order corresponding to the temperature input. There are seven creep constants, B, C,

D, m, n, r, and s describing the creep equation (equation (107), repeated here)

"ceff-- C an'_ 1-exp -D a_off_ + B a,_ t (107)

The units for constants C, D, and B should be consistent with the choice of normalization stress.

In addition to the creep constants, the C.T. Sun potential function parameters must be input

as well. The temperatures at which potential function parameters are entered need not correspond

to the creep constant temperatures, although both should bracket the expected temperature range of

the analysis. The potential function parameters are entered as part of the plasticity input described

in Section 4.1.12.3.2. and in the input sheets, Section XV.4.a. Usually a plasticity analysis will be

performed at the same time as a creep analysis. If this is not the case, the potential function

parameters must still be read. This can be accomplished by setting the global plasticity flag,

IPLO--O to indicate no plasticity analysis, then setting the load case control flag, IPC=12 to read

both plasticity and creep properties and IPLAS=3 to indicate CT Sun plasticity. The potential

function parameters will be read as weLl as the effective stress-strain curve. Dummy values may be

entered for the stress-strain curve, or a negative value for NPS may be specified which will avoid

reading the stress-strain curves.

4.1.14. DAMAGE MECHANICS ANALYSIS

This is an evolving portion of the CSTEM code. Damage mechanics analyses calculate

inelastic damage strains as well as material damage which will change the elastic properties of the

material. Damage models are activated as a function of material type, so that more than one

damage model may be active within a single analysis or damage may be activated for only a certain

set of specific materials. There is currenOy one damage mechanics model, which is for CMC

composite materials. It continues to be developed by Fred Leckie, et.al, at UCSB. There is also a
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simple polynomial stiffness loss model as well as a method to include a user defined damage

mechanics routine using the DHOOK subroutine.

4.1.14.1. Activating A Damage Analysis

The variable IDMO, described in Section 4.1.1.1.4., must be set to a nonzero value in order

for a damage mechanics analysis to be performed. IDMO also defines the iteration method to be

used. A load case control variable, IPC, controls whether the damage mechanics input variables

described in this section are read in a load case. Damage mechanics analysis input will be read

when IPC=3, as described in Section 4.1.1.2.1. Damage mechanics analysis input must be read

before a damage mechanics analysis can be performed. Once the damage mechanics parameters

and properties have been read it is not necessary to input them in every subsequent load case. Only

if the user wants to change any of the damage mechanics parameters or properties from previously

input values do they need to be entered in a subsequent load case.

The model used in a damage analysis is selected with the variable MDAMG. This variable

can also be used as a local turn off switch for damage analysis by setting MDAMG - 0. Damage

mechanics can be continued in a subsequent load ease by setting MDAMG to the desired value.

MDAMG is initially set to 0 for every material until the user selects the desired model, activating

the damage analysis. There is currently one damage mechanics model, which is for CMC

composite materials. This model is activated by setting MDAMG=2. A simple polynomial

stiffness degradation model is available by setting MDAMG=3. The user damage model option

(MDAMG= 10) requires the user defined damage model to be compiled as part of the CSTEM

code.

4.1.14.2. Damage Analysis Iteration Control

Damage mechanics analysis is an iterative procedure. The maximum number of iterations

allowed for convergence to be achieved is set by the variable MD1T. If there is no convergence in

MD1T iterations, the iterative process is stopped and there is no convergence. It is recommended
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that execution stop if an unconverged solution is obtained, however by specifying MDIT as a

negative number, the user can continue execution from the unconverged solution.

Cyclic loadings can be simulated in one of two ways, or as a combination of both. Single or

multiple load cases can be run repeated times to explicitly simulate cyclic loading using the mission

cycling capability as specified using the input variables NCYC and NCYPTS. This is in addition

to the fatigue cycles input to the damage mechanics model using the input variable NCYCM. Note

that currently, only the CMCUMAT damage mechanics model has any cyclic fatigue damage

capability. A typical static load case is indicated by setting all three cyclic variables (NCYC,

NCPYTS, and NCYCM) to 1. This is the default if these variables are left unspecified.

The mission cycling capability allows the analysis of more complex cycles than can be

calculated strictly within CMCUMAT. The CMCUMAT fatigue calculations can be utilized to

degrade the material properties due to a large number of minor cycles (using the NCYC'M input

variable), followed by an occasional excursion to a different loading condition simulated with the

mission cycling capability. The time independent static capability of CMCUMAT is used with

mission cycling, so that the degradation in material properties due to the fatigue cycling calenlation

within CMCUMAT would contribute to a different response and potential further material

degradation in the mission cycle.

The mission cycle may be composed of multiple load cases. The load cases are input in the

usual manner, with the NCYPTS input parameter indicating the number of load cases contributing

to the mission cycle. The NCYPTS input is entered in the load case defining the fu_st point of the

cycle. The NCYC input variable defines how many times the load cases defining all the points of

the cycle are to be run. An analysis which does not use the mission cycling capability would

specify NCYC= I, NCYPTS= 1, and NCYCM= the desired number of cycles to be calculated by the

damage mechanics model.

The number of cycles to be calculated by the damage mechanics model is specified using

the variable NCYCM. This variable defaults to a value of 1 if any number less than I is entered.

One cycle indicates that the load case represents the usual change in loading to the values input for

the load case. If some value greater than 1 is entered, the damage analysis will be performed
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NCYCM number of times for the input load levels. This allows a single load case specification to

calculate damage over multiple cycles when used with a damage mechanics model which can

account for damage as a function of cycling at a given load level. Refer to Section XVrtl. 1. of the

input sheets to determine the specific input format for the mission cycling variables NCYC,

NCYPTS, and NCYCM.

Due to a units conversion required internally, the user must specify whether the damage

inputs are supplied in the usual British units (psi, inch) or metric units (MPa, meter). This is done

with the IUNIT variable, where 0 indicates British units and 1 indicates metric. If IUN1T is left

blank, it is interpreted to be 0 per the usual input convention.

There are two material dependent damage iteration controls. Convergence is determined by

comparing the change of some parameter from one iteration to the next. If this change is less than

some tolerance at every integration point, convergence is achieved. The convergence type flag,

ITYP, indicates the parameter to be compared in subsequent iterations. For ITYP= 1, convergence

is to be based on the change in a scalar damage parameter. The actual damage parameter may vary

from one damage model to another. For ITYP=2 convergence is to be based on the change in

effective total strain. Setting ITYP=--10 will cause damage to be calculated without iterating. This

assumes no redistribution of stress due to damage during the damage calculations. The variable

DTOL indicates the tolerance value. For a positive value of DTOL, convergence is based on the

absolute change in the convergence parameter. For a negative value of DTOL, convergence is

based on the percent change in the convergence parameter.

4.1.14.3. CMCUMAT Damage Mechanics

The CMCUMAT damage mechanics model is activated by setting MDAMG=2. The

material inputs for this model are shown in Figure 29. as the current state vector utilized by the

CMCUMAT model. The input sequence is further described in Section XVIII.3. of the input

sheets. Figure 29. shows that there are locations available in the state vector for enhancement and

expansion of the model. These material inputs are entered on 6 lines of input, 8 items per line at up
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to tentemperatures.Thesetemperaturesneednot correspondto thetemperaturesatwhich elastic

propertiesor othermaterialmodelpropertiesaredefined.

4.1.14.4. PolynomialStiffnessDegradationModel

Thepolynomial stiffnessdegradationmodelcanbe usedasa simplemethodto change the

in plane elastic moduli (El, E2) as a function of stress and cycles. This change is calculated

according to equation (100), which is repeated here:

E'_ _lEo +'{aln(N) + BIn(N2) + CIn(N3) + Dln(N4)} * {SA + SB(_-) + SC(_-)2} (100)

The constants A, B, C, D, SA, SB, SC, and Su are input as a function of temperature.
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PROPS(I-8)

(1)

(2)

(3)
(4)

(5)

(6)

(7-8)

Matrix Elastic Properties

Young's modulus of Matrix, Em [psi]

Poisson's ratio of Matrix, Vm

Volume fraction of Matrix, fm

WeibuU exponent for Matrix, mm

Energy release rate density, Ym [psi]

Saturation value of matrix damage, Dsat

unused

PROPS(9-16)

(9)

(10)

(11)

(12)

(13)
(14)

(15)

Fiber Elastic Properties

Young's modulus of Fiber, Ef [psi]

Poisson's ratio of Fiber, vf

Volume fraction of Fiber, ff

WeibuU exponent for Fiber, me

Interface shear resistance for Fiber, tlao [psi]

Reference length for Fiber, Lo [in]

Radius of Fiber, R [in]

(16) Reference stress for Fiber, So [psi]

PROPS (17-24) Composite Properties

(17) Orientation of Composite, y [degrees] (set internally)

(18-24) unused

PROPS(25-32) Inelastic properties of Matrix (normal stresses)

(25) Slope of inelastic strain, at [1/psi 2]

(26) Threshold stress, oth [psi]

(27-32) unused

PROPS(33--40) Inelastic properties of Matrix (shear stresses)

(33)

(34)

(35)
(36)

(37)

(38)
(39--40)

PROPS(41-56)

Ist slope of inelastic strain, al [1/psi]

1st threshold stress, Xthl [psi]

1st stress width, dXthl [psi]

2nd slope of inelastic strain, a2 [l/psi]

2rid threshold stress, xt_ [psi]

2nd stress width, dXth2 [psi]

unused

Fatigue and Creep Parameters

FIGURE 29. CMCUMAT DAMAGE MATERIAL PROPERTY INPUTS
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4.2. HEAT TRANSFER ANALYSIS INPUT

The heat transfer input file is file code 32, known as the variable NT32 in the CSTEM code.

This section contains a general description of the heat transfer input and how it is used. Section

5.2. contains an explicit summary of these input variables and the order in which they are occur in

the input deck.

4.2.1. Heat Transfer Analysis Types

There are four different types of heat transfer analysis that can be performed with CSTEM.

They are linear steady state, nonlinear steady state, linear transient, and nonlinear transient.

Section 3.2. describes these types of heat transfer analysis in detail. A nonlinear heat transfer

analysis contains temperature dependencies and a transient heat transfer analysis contains time

dependencies. The specification of the type of heat transfer analysis is contained in the analysis

control and structural input deck. Most of the inputs contained on the heat transfer input deck vary

according to the type of heat transfer analysis being performed.

4.2.2. Structural Coupling

A heat transfer analysis is coupled to a structural analysis by using the heat transfer results

in terms of nodal temperatures in the structural solution of a problem. It is possible to perform a

standalone heat transfer analysis. Several input variables that apply to a heat transfer analysis are

contained on the analysis control and structural input deck, f'fle NT2. The geometry, heat transfer

analysis type, coupled solution points, and any initial nodal temperatures for the heat transfer

analysis are contained on the analysis control and structural solution input deck. Details

concerning these variables can be found in Section 4.1.

4.2.3. Heat Transfer Load Case Control Information

Section XXVII. of the input sheets contains information that controls the subsequent

reading of heat transfer material properties and boundary conditions, as well as the specification of

time and temperature steps in a particular heat transfer load case. The point at which a heat transfer
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analysis is to be restarted from a previous partial analysis is also indicated by Section XX'VII.

input.

4.2.3.1. Time Step and Temperature Points

There are four types of heat transfer analyses: Linear Steady State, Nonlinear Steady State,

Linear Transient, and Nonlinear Transient. Nonlinear analyses must have heat transfer material

properties def'med at multiple temperatures while transient analyses require specification of

boundary conditions at multiple time points. Of the four types of heat transfer analyses only type 1

(Linear Steady State) does not need to specify any time or temperature points.

A transient heat transfer analysis is done by stepping along in time and obtaining thermal

equilibrium at each calculation point. A time step is the period of time between two _ st_

points. The variable NTIMSP indicates the number of time step points that are to be read.

Generally time steps are entered as hours, but a negative value of NTIMSP signals that the

steps are entered in units of seconds. The actual time step values may be entered on as many lines

as necessary, but there is a limit on the number of time steps allowed in a single load ca._. This

limit is controlled by the parameter MXTIM and is currently set at 20.

The time at the beginning of a transient heat transfer load case is indicated by the first time

step point. For the first load case this is usually a zero. The transient heat transfer analysis load

case will continue until the time entered as the last time step point is reached, lntermediam time

step points are used to change any thermal boundary conditions, print out results for the just

completed time step, and as points in time where another type of analysis solution may be desired.

Each time step is divided into a number of equal time subinerements. The number of

subincrements in each time step are entered immediately following the time step points. More than

one line may be used to enter the time subincrements. The analysis proceeds one time

subincrement at a time, obtaining thermal equilibrium at each time subincrement point. Thermal

boundary conditions at each time subincrement point are obtained by linearly interpolating between

the value of the boundary condition at the beginning and ending points of the time step.
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Nonlinear heat transfer analyses are performed using an iterative procedure in which the

heat transfer material properties are formed using the temperature results of the previous iteration

and continuing until convergence is achieved to some tolerance. The material properties are

entered at various temperatures and are linearly interpolated between the input temperature values.

The temperatures at which the material properties are entered may v%,y from material to material,

but should span the expected resultant temperatures from the heat transfer analysis. There is a limit

on the number of temperatures at which the thermal material properties can be defined. This limit

is controlled by the parameter MXHTMP and is currently set to 20.

4.2.3.2. Analysis Options

Section XXVII. 1. of the input sheets describes the analysis options for a heat transfer

analysis. This is used to activate various boundary condition types so that they are read from the

input deck and included in the analysis. Convergence criteria, restart indication, and integration

order of the heat transfer finite elements are also indicated on this line.

Heat transfer boundary conditions will be included as indicated by the analysis options.

Basically, a zero indicates the particular type of boundary condition is not to be included and a one

indicates that it is to be included in the analysis. If a boundary condition type is to be included,

some type of information on that boundary condition will have to be input as described in later

sections. Since the boundary conditions and material property arrays are not reinitialized at each

load case a shortened format can generally be used to indicate if the boundary condition

information is unchanged from the previous load case.

For nonlinear heat transfer analyses, an iteration procedure is used to arrive at a solution.

The convergence criteria for a heat transfer analysis is based on the ratio of second vector norms,

where the second vector norm is defined as the square root of the sum of each vector term squared.

The second vector norm of the current iteration temperature increment divided by the second vector

norm of the resulting temperature for the current iteration must be less than the input convergence

value. If the convergence value indicated on the input deck is less than 1.E-8, then the default

value of 1.E-7 will be used. The maximum number of iterations allowed before execution is
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stopped must be indicated; there is no default for this input. If convergence is not achieved before

the indicated number of iterations, the current heat transfer solutioia will be printed and execution

stopped.

4.2.3.3. Restart

Analysis restart from a previously converged timestep is possible for transient nonlinear

heat transfer. A restart file containing the nodal temperature solution for the latest converged

timestep is written for the transient nonlinear analysis case. Timestep points only are written and

only the latest timestep point is retained; the restart file is rewound before writing a converged

solution so timestep solutions previous to the last converged timestep are not saved. The restart is

done by reading the input deck to get the proper thermal boundary conditions and time steps, and

reading the heat transfer restart file to get the current temperature distribution. The restart case

from which the solution is to proceed is found by matching the time step number and time of the

converged timestep stored on the restart file with the values indicated on the input deck.

4.2.4. Material Properties

Heat transfer material properties include mass density, thermal conductivity, specific heat,

and radiation emissivity. Thermal conductivities for each material included in the heat transfer

model must be input to perform the analysis. Mass density and specific heat describe what may be

viewed as the thermal inertia of the model and so are required for transient analyses. If not

specified, the mass density will be calculated from the strucutral density specified for the same

material in the analysis control input deck. Radiation emissivity is required for radiation heat

transfer analyses.

The number of materials in the model is indicated in section 1.2. of the input sheets as part

of the analysis control deck. Material properties are entered for a set of temperatures for each

material. It is not necessary that the same temperatures be used for each material. The material

number to which the properties apply is indicated before the properties themselves. Normally,

material properties are read until input for the total number of materials has been found. A zero
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entered as the material number indicates the end of material property input if not all materials are

needed to be input, such as in subsequent load cases.

4.2.5. Data Sets

Many of the boundary condition specifications for heat transfer analysis make use of data

sets. A data set for a particular quantity contains values of that quantity at all of the time steps or

temperature points in the heat transfer load case. The various quantities which use data sets are

internal heat generation, convection coefficients, convection temperatures, surface heat flux,nodal

heat flux, prescribed nodal temperatures, radiation temperatures, and radiation emissivity. Of these

quantities, only radiation emissivity is specified at various temperature points. All the other

quantities are specified as a function of the time steps.

Data sets for a particular quantity are numbered and assigned to elements or nodes by

reference to this number. Currently, up to 100 data sets can be specified for a particular quantity as

controlled by the parameter MXSET. From load ease to load case, a data set can be completely

respecified, scaled, or incremented. The scaling and incrementing feature is particularly useful ff a

distribution is to be maintained, but the actual values are to be changed.

4.2.6. Internal Heat Generation

Internal heat generation is an elemental quantity. It is a heat generation rate per unit volume

that is added to an element thermal load vector and then assembled into the total thermal load

vector of the model. The amount of heat generated is constant within an element. Section XXX. of

the input sheets pertains to specification of internal heat generation. This section is entered only if

the analysis option variable NHGEN was entered as 1. The first section of XXX. has to do with the

assignment of a data set number to various elements. Note that several elements can be tagged

with a given data set number at one time by making use of the beginning and ending element

number and element number increment. These can be thought of as counters in a DO loop to tag

elements with the data set number. A single element would be specified by indicating the element

to be both the beginning and ending element number. The end of this input section is signalled by a

zero element number. If internal heat generation is to be included in the load case, but the element
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specification is the same as in the previous load case a zero in this section is all that is needed to

signal this.

The second section of XXX. loads the data sets themselves with the heat generation rate per

unit volume at e_ich time step point. A negative value of heat generation would indicate a heat

sink. The data set can be overwritten by these values, or the values can be used as scale factors or

increments to be applied to the data set. Multiple data sets can be specified at one time using the

beginning and ending data set number and data set number increment, similar to the element

specification. The end of the input for this section is indicated by a zero data set number. If

intemal heat generation is to be included in the load case and the data set values are the same as in

the previous load case a zero is all that would be needed to keep the data sets the same.

4.2.7. Convection Heat Transfer

Convection heat transfer is specified by element and face number. The convection

boundary conditions contribute to the thermal load vector on the model, similar to a structttral

pressure load. Convection also contributes to the conductivity matrix as shown in equation (122) in

order to account for the dependance of convection heat flux on the temperature difference between

the environment and the model. The face number is determined by the element cormeetivity in the

same way as for pressure boundary conditions. An element may have more than one face with

convection boundary conditions. Section XXXI. of the input sheets pertains to specification of

convection boundary conditions. This section is entered only ff the analysis option variable NCBC

was entered as 1. The element and faces are specified by assigning a convection boundary

condition data set to the element face. Several elements having the same convection boundary

condition on the same face number can be specified at the same time by using the beginning,

ending and increment in element number. A zero for element number indicates the end of

convection element specification input.

Convection environment temperature and convection coefficient values for a data set

specification are entered on separate lines, with the environment temperature specified fn'st then the

convection coefficient. The convection temperature and convection coefficient data sets are input

at each time step point. The actual values can be input to overwrite any previous values for the
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daui set, or scale factors or increments can also be input. A zero data set number indicates the end

of input for each of these data sets.

4.2.8. Surface Heat Flux

Section XXXII. of the input sheets pertains to surface heat flux input. This section is

entered only if the analysis option variable NFBC was entered as 1. Surface heat flux is integrated

over the applied element face and is assembled into the thermal load vector, similar to a pressure

force for a structural model. The input for surface heat flux is very similar to that for convection

heat transfer. Surface heat fluxes are applied by tagging element and face numbers with a data set

number. Several element faces can be specified at once by using the beginning, ending, and

increment in element numbers. A zero for element number indicates the end of surface heat flux

element specification.

The surface heat flux data set values are specified at each time step point. Similar to other

types of data set entries these values can be used to overwrite any previous values, as scale factors

for previous values, or as increments to be applied to previous surface heat flux data set values.

Several data sets can be modified at a time using the beginning, ending, and increment feature. A

zero data set number indicates the end of this input.

4.2.9. Nodal Heat Flux

Section XXXIZI. of the input sheets pertains to specification of nodal heat flux. This

section is entered only if the analysis option variable NFLX is set to 1. Nodal heat flux represents a

heat rate entering or exiting the model through a node. This is similar to a point load in a structural

model. Nodal heat fluxes are applied to nodes by tagging the node with an appropriate nodal heat

flux data set number. Several nodes with the same nodal heat flux can be specified at one time by

making use of the beginning, ending, and increment in node number. A zero node number is used

to indicate the end of nodal heat flux nodal specifications.

The actual nodal heat flux values are assigned data set numbers in the next section. Values

are entered for each time step point. These values can be actual heat flux values to overwrite any

existing heat flux values stored in the data set from a previous load case, or they may be scale
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factors or increments to be applied to any previous values. A zero data set number indicates the

end of this input.

4.2.10. Prescribed Nodal Temperatures

Section XXXIV. of the input sheets pertains to input of prescribed nodal temperatures. This

section is entered only if the analysis option variable NPRES is entered as 1. Prescribed nodal

temperatures are similar to prescribed nodal displacements in a structural analysis, and may be

necessary to avoid an unrestrained conductivity matrix. Prescribed nodal temperatures may not be

needed when using only true heat transfer boundary conditions such as convection and radiation.

They will most probably be necessary when using a derived heat transfer boundary condition such

as heat flux and heat generation. Prescribed nodal temperatures make use of data sets like many

other heat transfer boundary condition inputs. The nodes with prescribed nodal temperatures are

assigned a data set number with the possibility of specifying several nodes using the beginning,

ending, and increment in node number. A zero node number indicates the end of the node

specification of prescribed nodal temperatures.

The actual prescribed nodal temperature is specified at each time step point and assigned to

a data set. These may be actual values which overwrite any previous nodal temperature values in

the data set, or they may be scale factors or increments which are applied to the previous value

stored in the data set. A zero data set number indicates the end of this input.

4.2.11. Radiation Heat Transfer

Input for radiation heat transfer boundary conditions are described in section XXXV. of the

input sheets. Radiation heat transfer is available for nonlinear analyses only. This section is

entered only if the analysis option variable NRBC is set to 1. Radiation boundary conditions are

similar to that for convection boundary conditions both in function and input. Functionally,

radiation boundary conditions contribute to both the thermal load vector and to the conductivity

matrix of the model as shown in equation (129). This is due to the dependance of radiation heat

transfer on the temperature difference between the environment and the model. The radiation heat

transfer input requires two quantities be specified. These quantities are environment temperatures
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andemissivity scalefactorwhich areassignedtogetherfor a particulardatasetspecification,but

enteredonseparatelines, similar to convectioninput. Gaseousemissivitiesandabsorptivitieswill

be requiredif gaseousradiationis to becalculated. H the gaseous emissivity and absorptivity for a

particular radiation data set are absent (or zero), surface to surface radiation is assumed for that

data set.

The radiation boundary conditions are assigned to an element and face by tagging the face

with a radiation data set number. A face of several elements can be tagged at one time by

specifying a beginning, ending, and increment in element number. A single element is specified by

either entering the element number as both the beginning and ending number, or by omitting the

ending element number. A zero entered for the element number indicates the end of the element

specification for radiation boundary conditions.

The radiation temperatures are entered at each time step point. On a separate line following

the radiation temperatures the emissivity scale factor and, optionally, the gaseous emissivity and

gaseous absorptivity is entered on a single line. The values entered for any of these quantities can

be used to overwrite the previous values, or as scale factors or increments to be applied to the

previous values. A zero data set number ends the radiation data set input.

The surface emissivity values are entered as material properties for a sequence of

temperatures. An emissivity scale factor can be used to multiply these emissivity values, providing

a means to spatially vary the emissivity. The emissivity scale factor along with the gaseous

emissivity and gaseous absorptivity can also be a function of temperature. The temperatures at

which these values are defined are those for the material of the element or of the surface layer if the

element is layered. A separate line is entered for each temperature to def'me the emissivity scale

factor and gaseous emissivity and gaseous absorptivity.

Gaseous emissivity and gaseous absorptivity values are required if gaseous radiation is to

performed. These quantities are entered for the data sets which correspond to gaseous radiation on

the same line as the emissivity scale factor. If left unspecified or set to zero, these quantities take

on the default value of 1.0, which corresponds to surface to surface radiation. Gaseous emissivity

and gaseous absorptivity can be functions of temperature as described in the previous paragraph.
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4.3. ELECTROMAGNI_TIC ANALYSIS INPUT

The input deck for electromagnetic analysis is contained on file code 52. In the CSTEM

code, the variable NT52 contains this file code. This section gives a general description of the

electromagnetic input and its use. A detailed description of the'electromagnetic input variables and

their exact input order can be found in section 5.3.

Three different methods can be used in the analysis of electromagnetic absorption in

CSTEM. These methods are the wave matrix method, the optics method, or a table lookup method.

The method to be used is defined in the structural input deck as the variable IEMAG, described in

section 1.4. of the input sheets.

4.3.1. Material Description

The electromagnetic material properties are entered through the use of a data bank. Each

set of data in the data bank has an alphanumeric material identifier to which it is associated. The

material description input matches the material identifier with the various material numbers that

have been assigned to the geometry of the f'mite element model. Each material number must be

matched with a material identifier, although the same material identifier may be used for more than

one material number. By entering the material number as negative, the data bank properties

associated with the material identifier will be printed on the input echo foe, NT1.

A special material identifier, COND, is available for materials which are conductors and so

reflect all incident radiation. If a material with this identifier is encountered in the path of a

propagating electromagnetic wave, the wave is assumed to be completely reflected. The COND

material identifier would be used for all types of metallic materials.

The matching of material identifiers with the material numbers used in the analysis needs to

be done only once, so this input is entered only once in the electromagnetic input deck following

the title line.
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4.3.2. Electromagnetic Wave, Path, and Load Case Specifications

The electromagnetic analyzer of CSTEM examines a specific electromagnetic wave

propagating along a specific path through the model. Several waves and several paths may be

defined with an electromagnetic load case defined as one combination of a specific wave and path.

The electromagnetic waves are defined by their orientation, magnitude, polarization angle,

and frequency. These quantifies are read on one line of input so that each line describes a specific

wave. The number of input lines to be read is indicated by the variable, NWAVE.

The orientation of the wave is specified by use of a transformation number. The actual

transformation associated with the number is defined in the structural input deck using one of the

methods as described in section Vrrl. of the input sheets. The coordinate system used to define the

electromagnetic wave is shown in Figure 5. The magnitude of the wave is used in the optics and

table lookup methods only, and is usually entered as a relative value of 1 or 100 to indicate that the

wave is at an impinging strength. The polarization of the electromagnetic wave is used only in the

table lookup method, in which the wave polarization angle is used to linearly interpolate between

the polarization angles in the absorption data bank. The wave frequency, entered in hertz, is

probably the most important of the properties characterizing the electromagnetic wave. TI_

frequency and orientation of the wave are the two quantifies which are necessary for the primary

electromagnetic analysis method, the wave matrix method. A maximum number of waves may be

specified depending on the value of the parameter MAXW. Currently MAXW is set to 10.

The propagation path of the impinging electromagnetic wave is initialized by defining the

impingement point of the wave. This consists of specifying the element number and surfa_ far..¢

number at the impingement location. The stacking sequence of materials encountered by the

propagating wave is then determined by progressing through the cross section of the model from

the surface until the opposite surface is reached or a conductor material is encountered wlaieh will

totally reflect the wave. A maximum number of paths may be specified depending on the

parameter MAXP, which is currently set at 10.

An alternative to specifically specifying the impingement location is to have the code

perform an exposure analysis of the model from the perspective of the incoming wave. By using a
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hidden line technique as done in computer graphics, the faces of the model which can be seen by

the incoming wave are determined. The exposure of a face is determined by the amount of the face

edges that are visible to the incoming wave. All faces exposed more than 90% will then be used as

an impingement point for a propagation path.

Finally, the number of load cases in the absorption analysis are entered followed by tim

wave and path combination to be used in each load case. The waves and paths are numbered

consecutively in order of input. If an exposure analysis is indicated in the path description, this

will automatically be performed for every def'med wave. If only the exposure analysis is to be used

to define the load cases, the number of load cases would be entered as zero.

4.3.3. Data Bank Formats

There are three different formats in which the electromagnetic material properties can be

entered in the data bank, Two of these formats can be used with either the wave matrix method or

the optics method of electromagnetic analysis, while the third format is used with the table lookup

method only. These different formats may not all be contained in the same data bank. The two

formats for the wave matrix and optics method can be contained on the same data bank, but the

table lookup data bank format must exist on a separate data bank. If nonunique material identifiers

are used, the first encountered occurrence will be used to define the material. Note that the

temperatures, frequencies, and angles should be entered in increasing order.

In all three formats, the entry for a material begins with the material identifier, an

alphanumeric string of from one to eight characters with no spaces. On the same line as the

identifier is an integer which determines the number of different temperatures for which properties

are contained on the data bank. The next line contains the fast of these temperatures and an integer

defining the number of frequencies at that temperature for which properties are entered.

The line following the temperature is where the different data bank formats begin to vary.

For the wave matrix and optics formats, the next lines contain the frequency (in megahertz) at the

current temperature and either the real and imaginary parts of the permittivity and permeability, or

optionally the dielectric constant and loss tangent, of the material at that temperature and

frequency. After the number of frequencies equal to the integer value on the temperature line have
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been read, mother temperature line is expected. This continues until the total number of

temperatures equal to the integer value on the material identifier line have been read.

In the table lookup data bank format, the line after the temperature and number of

frequencies to be read contains a frequency (in megahertz) and an integer describing the number of

polarization angles at that frequency for which data is contained. The next line contains a

polarization angle and an integer which is generally zero or one. This integer can be used for

expansion of the data bank to contain an additional interpolation parameter, but is not currently

used now. After the polarization angle line is a line which contains two values. The fast is not

used and is the slot available for data bank expansion. The second value is a decimal amount of

energy that would be absorbed by the material at the current temperature for a wave at the current

frequency and polarization angle. The next line contains the next polarization angle and is

followed by an absorption line. This continues until the number of polarization angles expected

has been encountered. Another frequency line is then expected, followed by the polarization angles

and absorption amounts at that frequency. After all the frequencies have been read, another

temperature line is read. This continues until the number of temperatures as indicated on the

material identifier line have been read.
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4.4. ACOUSTICS ANALYSIS INPUT

The input deck for an acoustics is contained on file code 54. This section gives a general

description of the acoustics input and how it is used. A detailed description of the acoustics input

variables and the order in which they are input is contained in section 5.4.

An acoustics analysis is activated by the control variable, NOISE, which is contained on the

structural analysis and control deck and is described in section 1.4. of the input sheets. An

acoustics analysis is done in conjunction with a free vibration analysis of the structure, which

serves as a secondary actuation for an acoustics analysis on the load case level. This is controlled

by the variable IE, IG, described in section XI. 1. of the input sheets.

4.4.1. Nodal Forcing Function

The acoustics analyzer contained in CSTEM uses a nodal point load as a forcing function to

preferentially excite the structural frequencies. A single load is applied at a node specified by the

variable NODFRC in the global direction indicated by the variable NODDIR. The acoustics

analysis is performed at each calculated structural frequency for a range of forcing frequencies

which are logarithmically distributed between the input frequencies indicated by FRQMIN and

FRQMAX. The amplitude of this forcing function is input using the variable FORCE. If a zero

value of FORCE is indicated, an unforced solution for sound power is calculated.

4.4.2. Modal Loss Factor

The modal loss factors are input one for each structural frequency calculated and indicate

the Vibrational damping of the structure. These modal loss factors can only be easily calculated for

systems containing some type of additive damping systems. For a structure without additive

damping the modal loss factors can only be estimated based on previous data derived from tests or

from a similar structure.

4.4.3. Masking Point

Some structures may be of such a configuration that certain free faces may not be desired to

be included in the acoustic analysis. Such a situation may occur in the analysis of a duct in which
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the faces on the inner surface of the duct are not desired as part of the acoustic analysis. In such an

instance a masking point can be specified so that any free surfaces that can see the masking point

will not be included in the acoustic analysis. Several masking points up to a limit set by the

parameter MDRMSK can be used. The current limit is 5. The masking points are defined by

specification of the global coordinates of the point.

4.4.4. Results of Acoustic Analysis

The results of an acoustic analysis are given in terms of radiation efficiencies and sound

power. These quantities are specified at each structural frequency for a range of forcing

frequencies. Additionally, the sound power is summed over all the structural vibration frequencies.

The radiation efficiencies allow a relative measure of the structural modes and forcing frequencies

which contribute to sound radiation. The sound power is a direct measure of the generated acoustic

pressure. The sound power is given in units of watts (I watt = 8.8507 (in-lbf)/sec and can be

converted into intensity, r., by dividing by an area upon which the acoustic pressure is impinging.

The root mean square of the acoustic pressure, P, can be found as 15 - _ where p is the density

of the medium through which the sound is propagating and c is the speed of sound in that medium.
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4.5. TAILORING INPUT

The input deck for control of the tailoring process is contained on file code 75. This section

contains a general description of this input and some recommendations as to how it is used. A

specific description of the input variables and the order in which they are input is contained in

section 5.5.

4.5.1. Input Form

The tailoring procedure used in CSTEM is a version of COPES/CONMIN that was

extracted from the NASA computer code, STAEBL. Very little has been changed from this

application in the tailoring portion of the code itself as well as in the controlling input. The input is

read by the tailoring module routine, COPE08, as opposed to the general read routine, READZR,

that is used throughout the rest of the CSTEM code. The major differences in recognized input

options on the tailoring input deck is that the dollar sign ($) comment designator must occur in

column 1 and that input data is examined to determine whether it is in formatted or unformatted

form. A line of input is considered unformatted if a comma is found on the line or if all data occurs

within the first 10 columns of a line. The tailoring control input contained on file 75 is

unformatted, so a comma should be used as a delimiter between the input fields. A space can be

used as a delimiter between fields, but if the last non-blank character on a line of input extends

beyond column 10 an error in interpreting the input may occur. For this reason it is recommended

that commas instead of spaces be used as delimiters.

4.5.2. Procedure Type

The very f'trst line on the tailoring input deck is a title line used for identification.

Immediately following the title a line is entered which begins with a dollar sign ($) and is followed

by an integer which indicates the type of tailoring procedure to perform. This integer is used

within the code to identify the particular subroutine to be called from the routine ANALIZ so that

the tailoring variables with the proper elements from the tailoring global common, GLOBCM, so

that the desired tailoring analysis will be performed. This process is somewhat problem dependant,
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requiring new subroutines to be included in the code if a different type of tailoring process is to be

performed.

4.5.3. Control Variables

The two lines after the specification of the tailoring procedure are used for control of the

tailoring process. Whether the run is to simply read the input as an input check, cycle once through

the tailoring process, or perform a complete tailoring analysis is indicated by the variable NCALC.

On the same line as NCALC, the variable NDV indicates the number of design variables that are to

be included in the analysis. These are variables which the tailoring program is allowed to change

in order to affect the solution and tailor the objective function.

The next control line determines the frequency and amount of printout, the allowable

number of iterations, a conjugate direction restart parameter, a scaling parameter, and the number

of consecutive iterations in which the convergence criterion are to be satisfied before the solution is

considered to be converged. In general, the final three variables on this line (ICNDIR, NSCAL,

and ITRM) are given default values. The number of allowed iterations should be chosen with care

since the cost per iteration may be expensive if the problem is large with many design variables and

constraints.

4.5.4. Tolerances

The next two lines contain a number of tolerances and change limits. These are generally

left at default values unless the problem is fairly well characterized and the tailoring procedure is

known to progress in the desired direction. If convergence is being delayed by change limits which

are too small, an increase in the variables FDCH, DELFUN, and/or ALPHAX may be called for.

Conversely, if an oscillation in the solution is perceived it may be desirable to tighten these

tolerances.

4.5.5. Object and Design Variables

The next three sets of inputs pertain to the specification of the object function, that value

which is to be tailored to obtain a minimum or maximum, and the design variables. The variable

NDVTOT is generally entered as the number of design variables, NDV. The variable IOBJ is an
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integerwhichgivesthelocation in thetailoring globalcommon,GLOBCM, in which thecalculated

objectfunctionvalueis stored. Whetherthis objectfunctionis to bemaximizedor minimized is

indicatedby thevariableSGNOPT. Table 6. gives a list of variables which are currently stored in

GLOBCM. The variables in locations 1 - 71 are stored from the access to the executive through

subroutine CSTEM, while the remaining variables are stored from either specialty subroutines

called from the stress recovery and output phase of the finite element portion of the code or from

the tailoring "ANALIZn" routines.

Upper and lower bounds for each design variable and an initial value for each design

variable is entered next. The order of input is in increasing consecutive order beginning with

design variable 1. The next set defines the design variable numbers and the location in global

common where the values of the particular design variable is stored. The variable AMULT is a

multiplier that can be applied to the design variable value.

4.5.6. Constraints

Constraints are limits that are not to be exceeded. The number of these constraints are

indicated by the variable NCONS. The next two lines are entered in pairs, one pair for each

constraint. These lines define the location in global common of the constrain value, and the lower

and upper bound of the constraint. Scale factors to be applied to the constraint bounds can be input

if desired. Following the constraints is a line with END to indicate the end of the tailoring input.

4.5.7. Current Tailoring Procedures

Tailoring in CSTEM may require the user to provide an "ANALI7_n" routine which is called

by the subroutine ANALIZ based on the procedure number specified on the tailoring input deck.

The "ANALIZn" routine assigns the design variable changes resulting from the tailoring process to

the proper locations in common (or possibly on file) for use in the subsequent finite element

evaluation. It may also assign the object and constraint variable values resulting form the finite

element evaluation to the proper locations of the tailoring common GLOBCM if these are not one

of the preassigned variables. This "ANALIZn" routine is generally quite simple. The template
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shown in Figure 30. can be followed in creating this routine. The currently implemented tailoring

procedures are listed in Table 7.

A single calling argument, ICALC, is passed into the "ANALIZn" routine. The

"ANALIZn" routine should contain the commons GLOBCM, OPLAY, and the common MFBANK

if ply constituent properties are to be used as a design variable. In addition to these commons, the

various PARAMETER statements associated with these commons should also be included. A local

variable IPATH=ICALC-1 should be immediately def'med, followed by a branch on the variable

ICALC. This branch is based on whether the "ANALIZn" routine is being entered for the first time

(ICALC=I) or a subsequent time. The first entry to "ANALIZn" will skip any assignment of

design variables.

The layer thicknesses and angles contained in common OPLAY are generally the values

used as design variables. By reassigning these values with the tailored design variables, the model

can be relayered with the tailored thicknesses and/or angles. To accomplish this relayeriag the

steps are:

1)

2)

3)

4)

5)

Assign the design variables to the appropriate locations in THK and ANGLAY

Set local variables ILYRN--0, IRESGN=2, and IGAX= the value used for the

particular problem

CALL LAYUP (ILYRN, IRESGN, IGAX)

CALL RESTAR

The next evaluation can then be performed with the relayered model

(i.e. CALL CSTEM (IPATH))
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SUBROUTINE ANA(ICALC)
C

PARAMETER ( NNMAX--0000,NEMAX=000,NO=NNMAX,MNDOF=3*NO,MDOFE,=66,

&MDOFN=3,MNPE=20,NTEMP= 10,NPSMAX= 10,NCONMX=5,MFACE--6,MPNODE=8,

&LAYMX=O0)
C

PARAMETER (MAXGEN=25)

C

C

COMMON/OPLAY/LMAT(MAXGEN,LAYMX), THK(MAXGEN,LAYMX),

&ANGLAY(MAXGEN,LAYMX), LTRN(MAXGEN,LAYMX), NLAY(MAXGEN), NGEN,

&IGEN(LAYMX,MAXGEN), NCROSS, LCROSS(6,NEMAX)

COMMON/GLOBCM/AR(200)
C.

C

IPATH=ICALC-1

IF(IPATH.EQ.0) GOTO 10

In this location, place design variables in OPLAY or other finite element variables as needed to
perform a finite element evaiutaion.

ILYRN=O

IRESGN=2

IGAX=0

C

C Form Element Layering
C

CALL LAYUP (ILYRN, IRESGN, IGAX)
C

C Reinitialize Int.Pt. Record Numbers

C

CALL RESTAR

C

C Perform Analysis, Which Will Put Preassigned Values In GLOBCM
C

10 CALL CSTEM (IPATH)

In this location, place any unassigned object or constraint variables in GLOBCM as needed to
perform a tailoring evalutaion.

RETURN

FIGURE 30. TEMPLATE FOR THE "ANALI7_m" ROUTINE
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TABLE 6. TAILORING GLOBAL COMMON

LOCATION IN/GLOBCM/

1- 8

9 -16

17 - 24

25

26 - 33

34

35 - 42

- 69

- 75

43

44

45

46

70

71

72

76

77 - 79

80 - 85

86- 91

92 - 97

98- 103

104

105- 109

110- 112

113- 115

116- 118

119- 121

122 - 200

VARIABLE

Vibration Frequencies

Ply Orientation Angles

Ply Thickness Fractions

TE Electromagnetic Absorption

Sound Power From Each Free Vibration Frequency

Cost

Volume Fraction

Total Weight

Max Nodal Temperature

Max Temperature Difference

Layer Generation Set Thicknesses

Max Mode Shape Slope

TM Electromagnetic Absorption

unused

Cross Sectional Thickness

unused

Max Total Strain Components (local or global according to IPOUT)

Min Total Strain Components (local or global according to IPOUT)

Max Stress Components (local or global according to IPOUT)

Min Stress Components (local or global according to IPOUT)

Max Interlaminar Stress (if local requested using IPOUT)

unused

Max Global Displacement Components

Min Global Displacement Components

Max Skew Displacement Components

Min Skew Displacement Components

unused
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TABLE 7. CURRENT TAILORING PROCEDURES

ROUTINE

ANALIZI

ANALIZ2

ANALIZ3

ANALIZ4

ANALIZ5

ANALIZ6

ANALIZ7

ANALIZ8

ANALIZ9

ANALIZI0

ANALIZ 11

ANALIZ12

ANAl (13)

ANAl (14)

GEOMETRY

4 layers, constant
thickness model

4 layers, constant
thicknessmodel

4 layers, constant
thickness model

4 layers, constant
thickness model

4 layers, constant
thickness model

4 layers, constant
thickness model

I II

4 layers, constant
thickness model

I

1 generation set

of 8 layers max

1 generation set

of 8 layers max

multi-generation

sets, 8 layers each

1 generation set

of 8 layers max

multi-generation

sets, 8 layers each

8 layers, constant
thickness model

2 angle-ply
model

OBJECT

EM absorption

1st naturalfreq

sound power

cost

(based on fiber)

weight

iN|hi

max nodal

temperature

max temperature
difference

1st natural freq

!max modeshape

slope

EM absorption

weight

weight

thickness

intedaminar

stress

DESIGN

3 ply thicknesses

4 ply angles

4 ply angles

3 ply thicknesses,
4FVR

3 ply thicknesses,
4FVR

3 ply thicknesses,

4 angles,4 FVR

3 ply thicknesses,

4 angles, 4 FVR

ply thicknesses,

ply angles

ply thicknesses,

ply angles
IIII

ply thicknesses

ply thicknesses,

ply angles

ply thicknesses

3 ply thicknesses

ply angle

CONSTRAINT

2nd and 3rd freqs

2nd and 3rd freqs

2nd and 3rd freqs

1st natural freq

min/max strains
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4.5.8. Layered Tailoring

Tailoring of layered models can be easily accomplished using the automatic layering features of

CSTEM. This is done through the use of the layering variables in common OPLAY. Common

OPLAY appears as listed here:

COMMON/OPLAY/LMAT(MAXGEN,LAYMX), THK(MAXGEN,LAYMX),

&ANGLAY(MAXGEN,LAYMX), LTRN(MAXGEN,LAYMX), NLAY(MAXGEN), NGEN,

&IGEN(LAYMX,MAXGEN), NCROSS, LCROSS(6,NEMAX)

The array dimensions of interest in OPLAY are MAXGEN and LAYMX. The MAXGEN

dimension refers to the generation set number and the LAYMX dimension refers to the number of

layers in the particular generation set.

where

The variables in OPLAY are as follows:

LMATfI.I)

THK(: 

ANGLAY(Id)

LTRN(I,J)

NLAY(1)

NGEN

IGEN(J,D

NCROSS

LCROSS(K,L)

K=I

I(-2

I(=3

K--4

K--5

K=6

Material number for layer J within generation set I

Thickness in inches for layer J within generation set I

Angle in degrees for layer J within generation set I

Transformation number used in lieu of angle in ANGLAY

Number of layers in generation set I

Number of generation sets

Order J of generation sets I

Number of cross sections to be assigned

Cross section assignment parameters for cross section L

Beginning element number of fast cross section

Through thickness axis

Generation order

Beginning element number of ending cross section

Beginning element number increment

Optional cross section ending element number
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SECTION _. INPUT SHEETS

The following pages are summary descriptions of the input variables. This is probably the sec-

tion to be directly referenced when creating an input deck to run in CSTEM. Inputs for the various

analysis modules are generally contained on different fries to ease the activation and deprivation of

the various analysis types in a problem. This section is divided in the same way as the different analy-

sis type input decks. Refer to section 4. for a more detailed description of the input and its meaning.

A comprehensive outline of the CSTEM input sheets follow.
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CSTEM INPUT SHEETS

ANALYSIS CONTROL AND STRUCTURAL INPUT

I. HEADING AND CONTROL INFORMATION

I. 1. Tide Card

1.2. Problem Size Data

1.3. Restart and Output File Creation Options

1.4. Analysis Options

II.NODAL COORDINATES

IT[. NODAL SKEW COORDINATE SYSTEMS

llI. 1. Input Skews

1TI.2. Pregenerated Skews

IV. CONSTRAINT EQUATIONS

V. ELEMENT DEFINITIONS

V. 1. Header Line For Each Element Type

V.2. 8 Noded Solid

V.3.16 Noded Solid

V.4. 20 Noded Solid

V.5.4 Noded Shell

V.6. Mesh Generation

V.6.a. Thickness Specification

V.6.b. Rotation #1 Specification

V.6.c. Rotation #2 Specification

V.6.d. Layer Orientation Def'mition

V.6.e. Layer Material Definition

V.6.f. Generation Order

VI. ELEMENT SKEW MATERIAL COORDINATE SYSTEMS

VII. ELEMENT LAYER DEFINITIONS

VII. 1. Manual Layer Input

VII.2. Cross Section Layup Generation
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VII.2.a. Layer Specification
VII.2.b. LayupGeneration
VII.2.c. CrossSectionSpecification

vm. SKEW COORDINATESYSTEMDEFINITIONS
VIII. 1.ReferenceNodes
Vlrl.2. DirectionCosines

VI'I/.3. Euler Angles

IX. FIXED BOUNDARY CONDITIONS

X. STIFFNESS ADDITIONS

The remaining groups are used to define or modify materials, loads, displacement boundary condi-

tions, etc. for each load case.

XI. LOAD CASE CONTROL INFORMATION

XI. 1. Load Case Control Cards

XII.

XII.1

XII.2.

XII.3.

XI/.4.

XII.5.

XII.6.

XII.8.

XII.9.

KEYWORD INPUT

• Eigenanalysis Solution Parameter Keyword: EIGS

Alternate Stress Stiffening Keyword: RE)KS

Large Displacement Buckling Keyword: LDBK

Plasticity Debug Print Keyword: PDBG

Damage Debug Print Keyword: DDBG

Damage Acceleration Keyword: DACC

Creep Debug Print Keyword: CDBG

Vibration BC Change Keyword: VIBC

XII. 10. Newton-Raphson Keyword: NR.IT

XII. 11. Nonlinear Force Calculation Keyword: METH

XII. 12. Microstress Plot Keyword: MICR

XII. 13. Material Selected Stress Summary Keyword: MATX

Xll[. ACCELERATION SPECIFICATION FOR INERTIA OR GRAVITY LOADS

XIV. MATERIAL ELASTIC PROPERTIES

XIV. 1. Isotropic Material

XIV.2. Orthotropic Material

XIV.3. ICAN Generated Elastic Properties

XIV.4. Failure Criteria Strengths and Parameters

XIV.5. User Material Properties and Constitutive Data
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XV. PLASTICITY DATA
XV.1.PlasticityandIterationLimit
XV.2.PlasticityOptionsandConvergence Tolerance

XV.3. Classical Plasticity Models

XV.4. C.T. Sun Orthotropic Plasticity Model

XV.4.a. Potential Function Parameters

XV.4.b. Master effective Stress-Effectve Plastic Strain Data

XV.4.b. 1. Piecewise Linear Representation

XV.4.b.2. Power Law Representation

XVI. RATE DEPENDENT INELASTICITY TIME INCREMENT CONTROLS

XVII. MATERIAL TIME DEPENDENT PROPERTIES

XV!!. 1. Creep and Iteration Limit

XVII.2. Creep Options and Convergence Tolerance

XVII.3. Classical Creep Formulation

XVII.3.a. Creep Constants

XVII.3.b. Creep Rupture Data

XVH.4. C.T. Sun Orthotropic Creep Constants

XVlXI. DAMAGE DATA

XVIII. 1. Damage and Iteration Limit

XVIII.2. Damage Options and Convergence Tolerance Parameters

XVIII.3. CMCUMAT Material Data

XVIII.4. VPI Polynomial Damage

XIX. NODAL DISPLACEMENTS

XX. NODAL APPLIED FORCES

XXI. NODAL TEMPERATURES

XXII. ELEMENT PRESSURE LOADS

XXIII. ELEMENT ADDITION/REMOVAL OR MATERIAL CHANGE CODE

XXIV. FAILED STIFFNESSES

XXV. ICAN ANALYSIS INFORMATION

5.4



HEAT TRANSFER ANALYSIS INPUT

XXVI. HEAT TRANSFER TITLE CARD

XXVII. LOAD CASE CONTROL INFORMATION

XXVII. 1. Analysis Options

XXVII.2. Restart Option

XXVII.3. Time Step Points

XXVIII. HEAT TRANSFER MATERIAL PROPERTIES

XXIX. HEAT TRANSFER DAMAGE

XXIX. 1.Ply Level Conductivity Damage

XXIX.2. Conductivity Damage Table Temperatures

XXIX.3. Conductivity Damage Tables

XXIX.4. Exponential Damage Law Formulation

XXIX.5. Power Law Damage Formulation

XXX. INTERNAL HEAT GENERATION

XXX. 1. Element Specification

XXX.2. Internal Heat Generation Data Sets

XXXI. CONVECTION HEAT TRANSFER

XXXI. 1. Element Specification

XXXI.2. Convection Data Sets

XXXII. SURFACE HEAT FLUX

XXXII. 1. Element Specification

XXXIt.2. Surface Heat Flux Data Sets

XXXIII. NODAL HEAT FLUX

XXXIII. 1. Node Specfications

XXXIII.2. Nodal Heat Flux Data Sets

XXXIV. PRESCRIBED NODAL TEMPERATURES

XXXIV. 1. Node Specifications

XXXIV.2. Prescribed Temperature Data Sets

XXXV. RADIATION HEAT TRANSFER

XXXV. I. Element Specifications

XXXV.2. Radiation Data Sets
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ELECTROMAGNETIC ANALYSIS INPUT AND DATA BANK

XXXVI. ELECTROMAGNETIC TITLE CARD

XXXVII. MATERIAL DESCRIPTION

XXXVIII. ELECTROMAGNETIC WAVE DESCRIPTION

XXXIX. PROPAGATION PATH DESCRIPTION

XL. ABSORFFIVITY LOAD CASE DESCRIFFION

XLI. ABSORPTIVITY DATA BANK FORMAT

XLI.1. Tables

XLI.2. Impedance

XLI.3. Dielectric Constant
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ACOUSTICS ANALYSIS INPUT

XLII. SOUND POWER CALCULATION CONTROL VARIABLES

XLHI. FREQUENCY RANGE

XLIV. APPLIED FORCE

XLV. LOSS FACTORS

XLVI. MASKING POINT

TAILORING CONTROL INPUT

XLVII. TAILORING TITLE CARD

XLV]II. PROCEDURE DEFINITION

XLIX. TOLERANCES

L. OBIECT AND DESIGN VARIABLES

LI. CONSTRAINTS

LII. END
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5.1. ANALYSIS CONTROL AND STRUCTURAL INPUT
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I. HEADING AND CONTROL INFORMATION

I, 1. Title Card

Line IDENTIFICATION

Up to 80 characters for identification

1.2.I.2. Problem Size Data

Line NN NLTYP MMAT NLC INGEOM NBAND IBLK KADD

NN Number of nodes in the model. (<0 indicates both input and generated nodes)

NLTYP Number of element types in the model
MMAT Number of different materials in the model

NLC Number of incremental load cases

= 0 Stops after forming elemental stiffnesses

< 0 Performs heat transfer and/or absorption analyses only with no structural analysis.

Can also be used as a structural input data check, or for cross section interpolation us-

ing previously saved integration point constitutive frie (FILE8).

INGEOM Geometry generation flag

= 0 Geometry read in on input f'rie

= 1 Geometry pregenerated

(contained on 3 fries: node-element, transformation, material layer)

= -n Generate n surface geometries, coincident nodes will be connected

NOTE: If the absolute value of NN does not agree with the number of generated nodes, execution is

stopped after generated geometry is printed. Useful for geometry verification.

NBAND Nodal banding flag

--0 No banding (input order is used)

=1 Band using GPS banding routine

IBLK Solution block sizing flag (may be needed when doing double matrix eigenanalyses

like buckling or consistent mass)

=0 single block sol'n check made using all of blank common

=1 single block sol'n check using half of blank common

=-1 all displacements prescribed (stress recovery only)

KADD Additionalstiffness flag
=0 no additions to stiffness matrix

--N there will be N stiffness adder matrices input
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Line

1.3. Restart and_Output File Creation Options

NOUT NRESTA INREST IPAT ICHK

NOUT

=1

= 10

Restart output file creation option (used for later restart)

0 Do not create restart file

Create ASCII restart file

Create binary restart file

-- 2 Create ASCII restart file, echo case NRESTA results if restarting

= 20 Create binary restart file, echo case NRESTA results if restarting

= 3 Create binary restart file, read ASCII restart file (no echo)

-- 30 Create ASCII restart file, read binary restart file (echo case NRESTA)

NOUT > 0, only last converged load ease is saved to restart file

NOUT < 0, all converged load eases saved to restart file

NRESTA Restart option

= 0 This is not a restart run

> 0 Load case from which restart proceeds, output from this load case must have be

previously written to an output file. Data from load case NRESTA on the output ftk

will be read and becomes the current state from which analysis proceeds. First new

load case in current run is NRESTA+I.

INREST Next load case in current input deck to be run

IPAT PATRAN results file flag

--.0 Do not create PATRAN results files

=1 Create ASCII PATRAN results files

=2 Create binary PATRAN results files

=-I Create PATRAN3 type results files (PATELSIG, PATELEPS, PATDAMGP)

ICHK Check run flag

=0 Normal execution

= 1 Check run only; stops after layer orientation calculations in 1st load case
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1.4. Analysis Options

Line IPLO ICRO IDIS ITCVG CVGTOL IHTR IDMO IEMAG LDORDR NOISE

IPLO Plasticity option

0 = No plasticity analysis

I = Do plasticity analysis using initial stiffness/pseudo force (right hand side) method

-1 = Do plasticity analysis using tangent stiffness method

ICRO Creep option

0 = No creep analysis

1 = Do creep analysis

IDIS Deformation option

0 = Small displacement analysis

•1 = Updated Lagrange large displacement analysis

2 = Total Lagrange large displacement analysis (not currently implemented)

NOTE." Negative IDIS indicates stress/strain output is with respect to updated coordinates

ITCVG Number of equilibrium iterations allowed. (used for large displacement analysis)

:>0 stops execution if no convergence

<0 continues execution if no convergence

CVGTOL Convergence tolerance on displacement for large displacement equilibrium itera-

tions. Default = .001 used if < 1.E-6 is input

IHTR Heat transfer option

0 = No heat transfer analysis

1 = Do heat transfer analysis

(English units used if IHTR>0, metric units used if IHTR<0)

IDMO Damage analysis flag

0 = No damage analysis

1 = Do damage analysis using initial stiffness / pseudo force (right hand side) method

(Nonlinear Force Keyword of Section XII. 11. default = 2 unless explicitly input)

-1 = Do damage analysis using tangent stiffness method

IEMAG Electromagnetic option

0 = None

1 = Do electromagnetic analysis using WAVES

2 = Do E/M analysis as single ray light analysis

3 = Do E/M analysis using absorption tables

LDORDR Large displacement order

1 = (default) 1st order transformation of stress/strain

2 = 2rid order transformation of stress/strain

NOISE Acoustic analysis flag

0 = No acoustic analysis

1 = Do acoustic analysis for load cases that eigenanalysis is requested (see 2/_D
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Enter NN lines of II. only if lNGEOM equals zero

II. NODAL COORDINATES

Line N X Y Z

N

X

Y

Z

Node number

X coordinate of the node [IN]

Y coordinate of the node [IN]

Z coordinate of the node [IN]
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III. NODAL SKEW COORDINATE SYSTEMS

Enter II1.1. only if lNGEOM equals zero

III. 1. Input Skews

Line NSKEW

NSKEW

Enter NSKEW of the following lines.

Line N NTRN NEND N1NC

N Node number having a local coordinate system

NTRN Transformation number defining this skew

NEND Last node having this local coordinate system

NINC Increment in node numbers from N to N-END

having this local coordinate system

Enter 111.2. only if lNGEOM is not equal to zero

HI.2. Pregenerated Skews

Line NSKEWP

NSKEWP Number of pregenerated skew coordinate systems.

Enter NSKEWP of the foUowing line.

Line NBEG NOSKW N-END NINC

NBEG

NOSKW

NEND

NINC

Number of nodal skew coordinate systems def'med.

Beginning node with this local coordinate system

" 0 Beginning node to be skewed

= 0 No nodes will be skewed, but transformations will be stored, numbered

consecutively.

Skewed node on transformation file which has the transformation matrix.

Ending node with this local coordinate system

Increment in :ode numbers from N'BEG to NEND

having this local coordinate system

5.13



Enter IV. only if lNGEOM equals zero

IV. CONSTRAINT EQUATIONS

Line NCST

NCST Number of constraint equations to be read

Constraint equation is of the form: u a - C + ciu i

i

Enter NCST of the following two line sets

Line NODEP NDPDOF NIND CONST

NODEP

NDPDOF

NIND

CONST

Dependant node number

Dependant node degree of freedom (l=X, 2=Y, 3=Z)

Number of independant nodal degrees of freedom to which the dependant nodal

gree of freedom is constrained ( i in the constraint equation )

Constant term in constraint equation ( C in the constraint equation )

Enter NIND of the following line

Line COEF INDN INDOF

COEF

INDN

INDOF

Coefficient for the independant nodal degree of freedom ( c in the constraint equ

tion )

Independant node number

Independant node degree of freedom (I=X, 2=Y, 3=Z)

5.14



V. ELEMENT DEFINITION

Enter NELTYP of the following

V. 1. Header Line For 13ach Element Type

Line NTYPEL NELEMS INCOMP INTORD ISTRP KSAVE LYPRNT

NTYPEL

NELEMS

INCOMP

0

Element type

Number of elements in this group (not necessary with generated geometry)

Incompatible modes indicator

= Include incompatible modes ( if applicable )

KSAVE

1 = Do not include incompatible modes

-1 ffi Include incompatible modes without centroid integration modification

INTORD integration order ( if applicable )

ISTRP print flag, (negative values apply to elem stiffness calculation prints; positive values

apply to interpolation of stress/strain from int. pts in unlayered cases)

---0 no elemental printout, int. pt. stress/strain print

= 1 print stress/strain at element centroid only

=10 print stress/strain at element nodes and centroid

=100 print stress/strain at element face centers and centroid(also used for

=--1 print element eotmectivity, integration flags, material number, layering

=--2 print linear elemental stiffness and eqn #'s

=---3 same as -2 + elemental forces

----4 same as -3 + [B] for 1st 2 Gauss pts. of the element

=--5 print [D] matrix only for 1st 2 Gauss pts. of the element

---6 print ['13] matrix only for 1st 2 Gauss pts. of the element

=-10 print elemental nonlinear stiffness

<-I0 ICAN material property print when mat'l props generated through ICAN

=--11 same as -1 except individual layers not printed

=--13 print elemental forces only

element stiffness save/read flag

=0 ignore

= 1 read element stiffnesses from a file named FILE7 and integration point info from a

file named bTLE22 for 1st load case

NOTE." KSAVE option will not work properly for thermal loads or large displacement runs.

LYPRNT flag for layer orientation print to FILE18, printed as nodal displacement where node

number is assigned from element input order beginning at NNMAX+I.

=0 ignore

=n print orientation at integration point n for each element layer
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Enter element definition lines V.2. - V5......_.only if (INGEOM=O)

V.2. 8 Noded Solid (NTYPEL = 8)

Line NEL N1 N2 N3 N4 N5 N6 N7 N8 IMAT

NEL Element number

N I--N8 Nodes defining the element, labeled as in Figure 3., repeated below

IMAT Material number (-I if element removed)

V.3. i6 Noded Solid (NTYPEL -- 16)

Line NEL N1 N2 N3 N4 N5 N6 N7 N8

Line N9 N10 Nil N12 N13 N14 N15 N16 IMAT

NEL Element number

NI--N16 Nodes defining the element, labeled as in Figure 3., repeated below

IMAT Material number (-1 if element removed)

V.4. 20 Noded Solid (NTYPEL -- 20)

Line NEL N1 N2 N3 N4 N5 N6 N7 N8

Line N9 N10 Nil N12 N13 N14 N15 N16 N17 N18 N19 N20 IMAT

NEL Element number

N l--N20 Nodes defining the element, labeled as in Figure 3., repeated below

IMAT Maten_al number (-I if element removed)

_ L t LOCAL

11_" "'_ i _ +r,-r

IZ Node4_ooO_O. _,. 14 _2

/X r_ s

5

FACE
NUMBERS

1,2
3,4
5,6

FIGURE 3. STRUCTURAL COORDINATE SYSTEM ORIENTATION FOR 3D ELEMENT_
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V.5. 4 Noded Shell (NTYPEL=4)

Line N'EL N1 N2 N3 N4 IMAT THICK

NEL Element number

N1 - N4 Nodes defining the element

IMAT Material number

THICK Thickness [inch]

0z

0x Oy Y

...t I"T'xN3 .,,

Bottom surface

Top surface

layer 5 (top)

layer 4

layer 3 (mid)

layer 2
layer 1 (bottom)

NOTE." This is the M/lOST 4 noded shell element. It is currently isotropic only.
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Enter mesh generation definition lines V.6. only if generating geometry (INGEOM < O)

V.6. Mesh Generation Definitions

Enter V.6.a. - V..6.c. n times where INGEOM = -n.

V,6,a. Thickness S_cification

Line XI YI ZI XO YO ZO NELMT

XI = Inner surface center pt. global X coord.

YI = Inner surface center pt. global Y coord.

ZI = Inner surface center pt. global Z coord.

XO = Outer surface center pt. global X coord.

YO = Outer surface center pt. global Y coord.

ZO = Outer surface center pt. global Z coord.

NELMT = Number of elements through the thickness

NOTE: Thickness direction defined from inner to outer. Thickness vector must originate at global

coordinate system origin and pass through (XI,YI,ZI) to (XO,YO,ZO).

V.6.b. Rotation #1 Specification

Line ANG1 RAD1 IAX1 NELM1

ANG1

RADI

IAX1

NELM1

= Angle of rotation #1 [DEG.] (+ is CCW as viewed from positive end of IAX1)

= Radius of curvature of inner surface for rotation #1

= Local axis of rotation #1 (Euler axis)

= Number of elements in rotation #1 direction

V..6.c. Rotati_Qtl #2 S_cification

Line ANG2 RAD2 IAX2 NELM2

ANG2

RAD2

IAX2

NELM2

= Angle of rotation #2 (DEG., + CCW)

= Radius of curvature for inner surface for rotation #2

= Local axis of rotation #2 0Euler axis)

= Number of elements in rotation #2 direction

NOTE." Euler rotations are automatically performed on global system until local X axis lies from

(XI,YI,ZI) to (XO,YO,ZO). IAX1 and IAX2 are axes in the resulting coordinate system an_

cannot be the local X axis.
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v.6.d. Layer Orientation Definition

Line NGEN

NGEN Number of generation sets (Max of 25)

Enter NGEN of the following line sets of V.&e.

V,6.e. Layer Material Definition

Line NSET NLAY

NSET Generation set number

NLAY Number of layers in the following set (Max of 10)

Enter NLAY of the following line

Line MAT ANG THICK

MAT Material number of this layer

ANG Orientation angle of principal direction with respect to the orientation axis [DEG.]

(+ CCW as viewed from inner surface to outer)

THICK Thickness of this layer

V,6,f. Gfneration Order

Line IGEN(I), I-1,N

IGEN Array of generation numbers in order of layup starting from interior surface

1_<N_<25

NOTE: These inputs are used when generating the mesh internally. This internal generation is done

such that the through the thickness direction (perpendicular to layers) is the element T axis;

therefore, the T axis is the axis about which material properties are rotated. The material prin-

ciple direction lies in the R-S plane with 0 degrees along the R axis. The R axis lies in the -

Y" direction. (See notes on mesh generation on following page.)
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NOTES ON MESH GENERATION INPUT (V.6,_

The mesh is generated from a local coordinate system which is formed from the global coo

hate system. Two Euler rotations are performed to get the local X axis to pass through the inner at

outer surface points. The ftrst rotation is about the global Z axis and the second rotation is about tl

resulting Y' axis. Thus the local coordinate system referred to is the double prime (") sytem resul_

from these two Euler rotations. One or both of these rotations may be zero depending on the input

specification of the inner and outer surface points.

The resulting element connectivity is formed so that the element R axis is aligned with the

direction, the element S axis is aligned with the -Z" direction, and the element T axis is aligned w_

the X" direction.

The input rotation specifications #1 and #2 are relative to the double prime system and the

mesh is generated by sweeping the local X axis first about the specified IAX1 axis and then the IA

axis. Thus, in the general case, IAX1 will be either the Y"(2) axis or the Z"(3) axis and IAX2 wil

either the Z" or Y" axis respectively (whichever was not IAX1). Some special geometry generatiq

cases are listed below.

The number of nodes that will be created in a surface can be calculated based on the input s

ifications. The equations are listed on the following page. It is often prudent to check the generate

geometry before embarking on a full scale analysis. This can be done by specifying the variable N

described in Section 1.2. as a value other than the actual number of generated nodes. A value of ze

(0) will work well. This will cause execution to stop after the generated geometry is printed to the

put echo file, NT1. This output can then be checked that the desired geometry was generated.

5.20



GENERATION OF SPECIAL GEOMETRIES:

Cylinder: For either rotation # 1 or #2, but not both

ANG = 0.0

RAD = length of cylinder along its axis

IAX = not used

The other rotation defines the cylinder curvature.

Cone: IAX 1 = IAX2 and both ANG 1 and ANG2 _ 0.0

ANG1 = circumferential (curvature) angle

RAD1

IAX1

ANG2

RAD2

IAX2

= radius at origin end of cone

= cone axis (=IAX2)

= cone angle (angle with cone axis)

= radius at far end of cone

= cone axis (=IAX1)

Plane: both ANG1 and ANG2 = 0.0

RAD1 = length along IAX1

RAD2 = length along IAX2

NUMBER OF NODES GENERATED

where

and for

NN = FP+NELM1 * (FP+MP)

NELM1 is input

NELM2 is input

NELMT is input

FP = C * (NELM2 + 1) + M * NELM_2

MP = M * (NELM2 + 1)

8 node brick

C = NELMT + 1

M=0

20 node brick

C = (2 * NELMT) + 1

M = NELMT + 1
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Enter VI. only if lNGEOM equals zero

VI. ELEMENT SKEW MATERIAL COORDINATE SYSTEMS

NOTE: These axes are used to def'me principal directions for orthotropic materials

Line NESKEW

NESKEW Number of element skew coordinate systems defined.

Enter NESKEW of the following lines.

Line NEL NTRN N'END NINC

NEL

NTRN

NEND

NINC

Element number having a local material coordinate system

Transformation number defining this skew

Last element having this local coordinate system

Increment on elements from NEL to NEND having this local coordinate system
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Enter VII. only if lNGEOM equals zero

VII. ELEMENT LAYER DEFINITION

Two types of layering input are available. The type described in Section VII. 1. assigns layers

to the elements directly, while that described in Section VII.2. assigns layers to a cross section of ele-

ments with the program determining the assignment of layers to the elements automatically.

In both'types of layering the material orientations can be specified on a local or global level.

On the local level, an angle about the through the thickness element axis is used. Angles are positive

counter--clockwise as viewed from the positive end of the through the thickness axis. If the through

the thickness axis is the r axis (LAX= I), the zero degree reference axis is the s axis. If the through the

thickness axis is the s axis (LAX=2), the zero degree reference axis is the t axis. If the through the

thickness axis is the t axis (LAX=3), the zero degree reference axis is the r axis. On the global level, a

transformation number referring to a transformation of the global system is used. The transformations

themselves are input in Section VIII.

An option is available that allows a combination of local and global specification of the materi-

ai orientation. This option is activated using the variable IGAX together with the angular method of

material orientation. The material system is formed based on the element local system and is then ro-

tated about the through the thickness axis until the material 1 axis (zero degree reference) is perpendic-

ular (IGAX > 0) or parallel (IGAX < 0) to the projection of the global axis specified by IGAX on the

1-2 material plane. The specified off axis angle is then measured from this orientation of the zero de-

gree reference axis, which is related to global.

The layering definition can be used directly to generate layered elements, or it can be used to

generate equivalent orthotropic material properties for use in homogeneous elements. Layered ele-

ments contain integration points at the midplane of each layer within the element. Homogeneous ele-

ments are composed of the same material throughout the element and are integrated with a Gaussian

quadrature. The elements can be used together within a model. Assignment of this option occurs on

the cross section level, so that elements through the thickness of the model must be of the same type

(layered or homogeneous).
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V_II.i. Manual Layer Input

Line NELAY IGAX

NELAY

IGAX

Number of manual layer definitions to be read

(may be zero, which causes program to go to VII.2.)

Global axis to make perpendicular or parallel to element system reference axis

A two digit combination indicates radial and tangential axes. The tangential ax:

will be made perpendicular or parallel to element system reference axis.

0=leave as is, >0 perpendicular, <0 parallel, where l--X, 2=Y, 3=Z

NOTE: IGAX is read regardless of the value of NELAY.

Enter NELAY of the following 2 line sets

Line N'EL NLAYR LAX ISMEAR N'END NINC

N-EL

NLAYR

LAX

Element for which this layer definition applies

Number of layers in this element

Local element system thickness (thru layer) axis.

(For models in which the mesh cannot be used to define the exact thru thickness d

tion, LAX is entered as a two digit code. The tens place defines the thru thicknes.,

axis, and the ones place defines which of the other two axes is to be used as a basi

form the orthogonal material axis system. See Sections 2.4.3. and 4.1.4.4.)

ISMEAR Bulk material property flag

--=0Use layered elements

= 1 Use homogeneous elements with equivalent material properties

NEND Ending element with this layer system

NINC Increment in element number

Enter NLAYR of the following line

NOTE: Enter layers in the order as encountered when starting at negative end of LAX and moving

the positive direction.

Line IMAT PER ANG LTRAN

IMAT

PER

ANG

LTRAN

Material number of this layer

Decimal fraction of element thickness occupied by this layer

Angle (DEG.) rotated about element axis LAX, referencing orientation of mate,

axes with respect to element local (used only if LTRAN--0)

Transformation number of skew system, referencing orientation of material axe

with respect to global (if LTRAN=0, ANG is used; if LTRAN is negative, the tr

formation is from material to element local)
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VII.2. Cross Section Layup Generation

VII.2.a. Layer S_cjfication

Line NGEN IGAX

NGEN

IGAX

Number of generation sets (may be zero, which causes program to go to 3_]_a)

Global axis to make perpendicular or parallel to element system reference axis

A two digit combination indicates radial and tangential axes. The tangential axis

will be made perpendicular or parallel to element system reference axis.

0=leave as is, >0 perpendicular, <0 parallel, where I=X, 2=Y, 3=Z

NOTE." IGAX is read only if NGEN is not zero.

Enter NGEN of the foUowing two line sets

Line NSET N'LAY

NSET Generation set number

NLAY Number of layers in this set

Enter NLAY of the following line

Line LMAT TRK ANG LTRAN

LMAT

THK

ANG

LTRAN

Line NORDER

Material number for this layer

Layer thickness [INCHES]

Orientation angle about thickness axis, [DEG] referencing material axes to element

local (used only if LTRAN---0)

Transformation number of skew system, referencing orientation of material axes

with respect to global (if LTRAN--0, ANG is used; if LTRAN is negative, the trans-

formation is from material to element local)

NORDER Number of generation orders to be input

Line IGEN(1) IGEN(2) ... IGEN(n)

IGEN(n) Generation set numbers used in layup. (1 < n <_24)

The order will be repeated from the beginning if more layers are needed to f'tll the

cross section thickness. If a set number is entered as a negative in IGEN the repeated

order will begin with that set.
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VII.2.b. La.vup Generation

Line NLAYUP

NLAYUP number of layup sequences to be generated.

0 indicates all cross sections will have layups generated individually as prescribed

Vn.2.c.

Enter NLAYUP of the following line

Line L1 LAX IORDR (LEND)

L 1 First element in layup cross section

LAX Element axis aligned with layup thickness

(The input layup is assumed to be 1/2 of a symmetric layup. Negative LAX signa

that the entire layup is input.)

(For models in which the mesh cannot be used to define the exact thru thickness d

tion, LAX is entered as a two digit code. The tens place def'mes the thru thickness

axis, and the ones place defines which of the other two axes is to be used as a basi

form the orthogonal material axis system. See Sections 2.4.3. and 4.1.4.4.)

IORDR Generation order to be used with this cross section

LEND Optional end of cross section. Used if cross section does not end at surface.

(If LEND is specified L1 does not have to be on the surface, in which ease it is as-

sumed to be at the negative LAX end of the cross section.)

NOTE." Symmetric layups are generated such that the fast layer in the fast generation set begins at

cross section outer surface. Layer generation then proceeds toward the midsurfaoe. Fractic

thicknesses are filled with the current layer.
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VII.2.c. Cross Section Specification

NOTE." This section can be used in one of two ways. It can be used in conjunction with the previous

section (VII.2.b.) to assign the generated layup to several cross sections having the same thick-

ness and number of elements through the cross section. This section can alternatively be used

to generate layups for each specified cross section.

Line NCROSS

NCROSS Number of cross sections to be filled with a layup

Enter NCROSS of the following line

Line LMBEG LAX IORDR ISMEAR LXEND LXINC g.,MEND)

LMBEG First element in the cross section

LAX Element axis aligned with cross section thickness

(All elements in the cross section must have the same thickness axis. The thickness

axis for this particular cross section does not have to be the same as that used in

VII.2.b. to determine the element layering.)

(When generating layups, the input layup is assumed to be 1/2 of a symmetric layup.

Negative LAX signals that the entire layup is input.)

(For models in which the mesh cannot be used to define the exact thru thickness direc-

tion, LAX is entered as a two digit code. The tens place defines the thru thickness

axis, and the ones place defines which of the other two axes is to be used as a basis to

form the orthogonal material axis system. See Sections 2.4.3. and 4.1.4.4.)

IORDR Generation order used when generating layups, layup number when assigning lay-

ups to cross sections

ISMEAR Bulk material property flag

=0 Use layered elements in cross section

= 1 Use homogeneous elements with equivalent material properties

LXEND First element in ending cross section

LXINC Increment in element number between cross sections. Corresponding elements of a

cross section must increment the same

LMEND Optional end of cross section. Used if cross section does not end on surface.

NOTE." LMBEG must be on a surface unless LMEND is specified. In this case LMBEG is assumed to

be at the negative LAX end of the cross section, which will go from LMBEG to LMEND or a

surface element, whichever is encountered f'trst.
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VIIL SKEW COORDINATI_ SYSTEMS

VIII. 1. Reference Nodes

Line NSKEWR NREFNO

NSKEWR Number of skew coordinate systems defined with reference nodes.

NREFNO Number of reference nodes that will be input

Enter NREFNO of the following line

Line NOREF X Y Z

NOREF

X,Y,Z

Enter NSKEWR of the following lines.

Line NTRN NO NI NJ

NTRN

NO

NI

NJ

Reference node number

(Must be different than structural node number,

but not limited by max stmctmal node name)

Reference node global coordinates.

Transformation number associated with this skew system

(NTRN < 0 will print transformation matrix on file NTDBG)

Node on local x axis

Node on x axis in +x direction

Node in xy plane in general direction of +y axis

5.28



viii.2. Direction Cosines

Line NSKEWD

NSKEWD Number of skew coordinate systems def'med with direction cosines.

Enter NSKEWD of the following line

Line NTRN All A12 A13 A21 A22 A23

NTRN Transformation number associated with this skew system

(NTRN < 0 will print transformation matrix on file NTDBG)

A11,AI2,A13 Direction cosines defining local x axis.

The local x axis is defined by ex = A1 l*i + A12*j + A13*k

A2 I,A22,A23 Direction cosines defining local y axis.

The local y axis is def'med by ey = A21*i + A22*j + A23*k.

The local z axis is in the direction that forms a right handed coordinate system.

VIR.3. Euler Angles

Line NSKEWE

NSKEWE Number of skew coordinate systems defined with Euler angles.

Enter NSKEWE of the following line

Line NTRN ALPHA BETA GAMMA

NTRN

ALPHA

BETA

GAMMA

Transformation number associated with this skew system

(NTRN < 0 will print transformation matrix on file NTDBG)

Right hand Euler rotation angle about the global X axis (DEG.)

Right hand Euler rotation angle about the local y' axis (DEG.)

Right hand Euler rotation angle about the local z" axis (DEG.)
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IX. FIXED BOUNDARY CONDITIONS

NOTE." The specified degrees of freedom associated with these nodes and displacements will be eli

natod from the set of equtaions. If a local coordinate system has been applied to a node usir

Section Ill., the displacement degrees of freedom are with respect to the local system. All d

grees of freedom may not be active for a given element type. For example, solid isoparame:

elements have only the 3 translational degrees of freedom active. Nodes which are not attac

to any element must be fixed in all 6 degrees of freedom.

Line NFIXBD

NFIXBD Number of fixed boundary condition lines.

Enter NFIXBD of the following lines

Line N IDX IDY IDZ IDTX IDTY IDTZ NEND NINC

N Node number

IDX x translation flag

= 0 unspecified or free x displacement

= 1 fixed ( 0.0 ) x displacement to be eliminated

IDY y translation flag

= 0 unspecified or free y displacement

-" 1 fixed ( 0.0 ) x displacement to be eliminated

IDZ z translation flag

= 0 unspecified or free z displacement

= I fLxed ( 0.0 ) x displacement to be eliminated

IDTX x rotation flag

= 0 unspecified or free rotation about the x axis

= 1 fixed ( 0.0 ) rotation to be e "liminated

IDTY y rotation flag

= 0 unspecified or free rotation about the y axis

= 1 fixed ( 0.0 ) rotation to be eliminated

IDTZ z rotation flag

= 0 unspecified or free rotation about the z axis

= 1 fixed ( 0.0 ) rotation to be eliminated

NEND Last node having this fixity condition

NINC Increment on nodes from N to NEND having this fixity
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X. STIFFNESS ADDITIONS

Enter KADD of the following lines.

Line NOD1 NOD2 NDOF M1 M2

NOD1

NOD2

NDOF

M1

M2

First node to which these additional stiffness terms apply.

This node must have been defined in the nodal input.

Second node to which this stiffness applies.

This node must have been defined in the nodal input.

Number of degrees of freedom being related by the additional stiffness terms.

(I<_NDOF_<6)

Mass input flag for NOD 1.

=0 No masses input for NOD1; =1 Read mass input for NOD1

Mass input flag for NOD2.

=0 No masses input for NOD2; =1 Read mass in _ut for NOD2

Line KA(1,1) .............. KA(1,NDOF*2) ul

Vl

• • wl

Line KA(NDOF*2,1) ... KA(NDOF*2,NDOF*2) u2
V2

W']

UI Vl Wl U2 V2 W2

k 0 0 --k 0 0

0 k 0 0 --k 0

0 0 k 0 0 -It

--k 0 0 k 0 0

0 -k 0 0 k 0

O 0 -k 0 0 k

KA(n,n) Stiffness terms to be added into structural stiffness matrix. The terms are entered as

a square matrix which is 2*NDOF by 2*NDOF square as shown above (in the box)

for a typical linear ground spring type of application for the translational DOE

NOTE." The additional stiffness terms are input as a square matrix with degrees of freedom activated in

the order of X,Y,Z,RX,RY, RZ; i.e. even if only the RX (X rotation) terms are to be related

NDOF---4 must be entered and an 8x8 KA adder matrix would be entered with most terms = 0.

All degrees of freedom may not be active for a given element type. For example, nodes of sol-

id isoparametric elements have only the 3 translational degrees of freedom active, requiring a

6x6 matrix as shown schematically above. Nodes need not be connected to any other elements,

in which case all 6 dof may be active as defined by the nodal fixities of Section IX.

Enter the following line only if M1 5_ 0

Line MASSI(1) ............ MASSI(NDOF)

Enter the following line only if M2 _ 0

Line MASS2(1) ............ MASS2(NDOF)

MASS Lumped mass terms for each degree of freedom input.

NOTE." Translation dof normally have the same mass value. Rotational dof are rotary inertias, J.
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XI. LOAD CASE CONTROL INFORMATION

XI. I. Load Case Con_'ol Cards

Line RPM IAXS IACC IELA IPC IEIG If-IT IBUCK IABSO ICAN IFC MOSAIC

RPM Rotational speed ( RPM )

IAXS Global axis about which the structure is rotating

I = X, 2 = Y, 3 = Z, -I = no RPM loads in analysis (timesaving)

(For plane elements, rotation is about the X or Z axes only. For axisymmetric ele-

ments, rotation is always about the X axis.)

IACC Indicator for input of acceleration loads

0 = no, I = yes, -I = never in analysis (timesaving)

IELA Indicator for a change in elastic properties

0 = no changes

I = change elastic material properties as defined in Section XIV.I. or XTV.2.

-I = change elastic properties as calculated using ICAN module (Section

2 = change user material properties as def'med in Section XI"V.S.

12 = change elastic material properties and user material properties

NOTE." If IELA=0 is indicated in the fin'st load case, material properties will be expected as describ

in Section XIV.I. or XIV.2.

IPC Indicator for a change in plastic/creep/damage properties

0 = no changes

1 = change plastic properties

2 = change creep properties

3 = change damage properties

combinations of these codes are allowed (i.e. 12, 13, 123)

4 = change plasticity controls (<0 debug on)

IEIG Eigen analysis flag (also secondary acoustic flag)

0 = No eigenvalue/eigenvector analysis

<0 The IEIG lowest eigenvalues/vectors will be computed using the determinant

search technique

>0 Eigenvalue/eigenvector analysis using subspace iteration technique

NOTE." Mode shape slope calculations can be performed based on input from the f'tle SLOP,

which contains variables NLE, NMID, NTE, IAXI, and rrAN. See Chapter 4.1.1.4.
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IHT Heat transfer load case indicator

0 = No heat transfer analysis

1 = Linear steady state

2 - Nonlinear steady state

3 = Linear transient

4 = Nonlinear transient

<0 = continuation of previous heat transfer load case (no additional heat transfer input

read)

IBUCK Buckling analysis indicator

0 - No buckling analysis

>0 solve for lowest IBUCK load multipliers using original configuration stiffnesses

<0 solve for lowest IBUCK load multiplers using current configuration stiffnesses

IABSO Absorptivity analysis indicator

0 = No absorptivity analysis

1 = Absorptivity analysis is performed

ICAN Integrated composites analyzer indicator

NOTE." Material properties must be generated by the ICAN module (IELA = -I) to perform a full

ICAN analysis.

0 = No ICAN analysis

1 = full ICAN analysis using displacements as input

2 = full ICAN analysis using calculated loads as input

3 = cross section interpolations only (material axes)

(negative to print output in UOF form)"

4 = cross section interpolations only (global axes, Z through thickness)

(negative to print output in UOF form)

5 = cross section interpolations only (material zero degree orientation)

(negative to print output in UOF form)

-I = full ICAN analysis using interpolated ply strains

-10= full ICAN analysis using interpolated ply strains and stresses.

IFC Failure criteria indicator

NOTE: Failure criteria are calculated using stresses (or strains) oriented

as defined by the variable IPOUT.

0

I

MOSAIC

0

I

= no failure criteria calculations

= do failure criteria calculations

Output flag for MOSAIC submodels

= no MOSAIC output

= Write output for MOSAIC submodels (NODE, X,Y,Z, 5X,SY, SZ) to FILE12
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Line NDIS NFOR NTEM NPRE NADD IPOUT TIME NTIMND NFAIL IEIGST NE(

NDIS

NFOR

NTEM

Number of nodal displacement inputs

Number of nodal force inputs

Number of temperature inputs

-1 = no thermal loads in analysis (timesaving)

NOTE." For first load case nodal temperatures are initialized at 0.0 unless otherwise speelfled.

NPRE Number of pressure loads input

NADD Number of element addition/removal inputs

IPOUT Printout options flag

=0 all results are printed for this load case

=-1 no printout for this load case

Partial printout is obtained using a 4 digit packed code:

Ones location controls displacements, 1---print, 2----print in E, >2--summary only, 0=no

Tens location controls reactions, 1---print, >l---summary only, 0=no print

Hundreds location controls detailed stress/strain printout, 0=-no print

l=print in global (ksi), 2--print in material local (ksi), 3=print principles (ksi),

4--print in global (psi), 5--print in material local (psi), 6=print principles (psi),

8=print in material local (psi) with temperatures and no banners (mission form),

9---print in-plane principles and max interlaminar (ksi)

Thousands location controls mardmin stress/strain printout

If detailed stress/strain is on this is automatically set to the same value, otherwise

0=-don't print, l=print in global, 2---print in material local

TIME Time elapsed in this load case

NTIMND Heat transfer time point where structural solution is desired;

used with transient heat transfer only

NFAIL Number of failed stiffness lines to be read

-I = no failed stiff-nesses in analysis (timesaving)

IEIGST Mode shape stress flag

Output is printed as indicated by IPOUT (orientation and units)

Negative values indicate output is to be in UOF form

Enhanced interlaminar calculations used. Turn off by 1 in hundreds location.

--0 No mode shape stresses calculated

= 1 Calculate mode shape stresses for top and bottom layers in each dement

=10 Calculate mode shape stresses for all layers in each element

>10 Calculate mode shape stresses for all layers for modes (IEIGST-10)

NEOUT Selective element output flag

---0 print stress/strain results for all elements

0 print stress/strain results for first NEOUT elements listed on input deck only
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XII. is interpreted only if the keyword string is the first entry on the line (excluding a line number)

XII. KEY'WORD INPUT

The occurrence of the keyword string causes the subsequent entries to be interpreted as the input associated

with the keyword. The keyword string must be capitalized and separated by at least one space from any

other entries. Keyword input may be in any order.

X_-1. Eigenanalysis Solution Parameter Ke.vword: EIGS

Line EIGS SC RTOL NITEMP NSPACE IFPR SHIFT

EIGS Character string EIGS

SC Scale factor multiplier.

A scale factor is calculated and applied to the mass terms to reduce the order of mag-

•nitude difference between the mass and stiffness terms. The calculated scale factor is

multiplied by SC. A value of zero input for SC is interpreted as the default value of

1.E-5.

RTOL Convergence tolerance on subsequent iteration eigenvalues.

A value of zero input for RTOL is interpreted as the default value of 1.E---5.

NITEMP Max number of iterations allowed.

A value of zero for NITEMP is interpreted as the default value of 20.

NSPACE Number of extra subspace vectors.

The vector subspace used is either twice the requested number of eigenvalues or the

requested number of eigenvalues + NSPACE, whichever is smaller. A value of zero

input for NSPACE is interpreted as the default value of 8.

IFPR Extra print flag.

This controls the amount of detailed eigenanalysis information printed out on FILE66.

A value of zero for IFPR is interpreted as the default value of 1.

SHIFT Eigenvalue shift value

This value is applied to eigenvalues during solution and is later subtracted from the

calculated eigenvalues.

XII.2. Alternate Stress Stiftenin_ Kevword: RDKS
v

Line RDKS IKSTR

RDKS

IKSTR

Character string RDKS

Alternate Stress Stiffness Flag

=0 generate stress stiffness using current stresses and solve (normal buckling)

= 1 generate stress stiffness only

=2 read stress stiffness from a file (previously generated FILE7)
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XII.3. Large.D_isplacement Buckling Keyword: LDBK

Line LDBK LDBCK

Line

LDBK

LDBCK

Character string LDBK

Large Displacement Buckling Hag

--0 Stress Stiffness included in Large Displacement analysis (i.e. Off)

=1 Stress Stiffness no included in Large Displacement analysis (i.e. On)

LDBCK retains its value until explicitly changed in a subsequent load case

XII.4. Pla_ticit'y Debug Print Keyword; PDBG

PDBGIDBGP

PDBG

IDBGP

Character string PDBG

Plasticity debug flag

=0 no debug output print

0 value is element for which debug output is printed

XH.5. Damage Debug Print Keywo_l: DDBG

Line DDBG IDBGD

DDBG

IDBGD

Character string DDBG

Damage debug flag

=0 no debug output print

0 value is element for which debug output is printed

XII.6. Damage Acceleration Keyword: DACC

Line DACC NAITK

DACC

NAITK

Character string DACC

Aitken acceleration iteration interval

=0 no acceleration (must be explicitly set to 0, blank NAITK interpreted as defau

0 value is iteration interval for acceleration (default -- 3)

DACC only applicable for right hand side (IDMOffil) pseudo force (METHOI)=2

XII.7. Damage Iteration Averaging Ke.vword: DAVG

Line DAVG IAVG

DAVG

IAVG

Character string DAVG

Damage iteration averaging flag

--0 no averaging of elastic matrix [13] or damage strain {s }d

=1 average [D], not {S}d; =2 average {S}d, not [D]; =3 average both [D] and {
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XII.8. Creep Debug Prirlt Keyword: CDBG

Line CDBG IDBGC

CDBG

IDBGC

Character string CDBG

Creep debug flag

=0 no debug output print

;_ 0 value is element for which debug output is printed

XII.9. Vibration BC Change Keyword: VIBC

Line VIBC IVBCHG

Line

VIBC Character string VIBC

IVBCHG Vibration BC Change Flag

Number of prescribed displacement lines to be read prior to frequency calculation.

Stiffness is modified to reflect these changes so that BC for vib solution is different

than BC for static solution. The prescribed displacement input lines should be placed

immediately before the ICAN ANALYSIS INFORMATION input of Section XXV.

XII.10. Newton-Raphson Keyword: NRIT

NRIT NRITER

NRIT Character string NRIT

NRITER Newton-Raphson nonlinear iteration flag (applies only for IPLO < 0)

=0 modified Newton-Raphson (stiffness unchanged through iteration process)

= 1 full Newton-Raphson (stiffness changed after each iteration)

> 1 modified Newton-Raphson (stiffness changed after each NRITER'th iteration)

NRITER retains its value until explicitly changed in a subsequent load case

XII. 11. Nonlinear Force Calculation Keyword: METH

Line METH METHOD

METH Character string METH

METHOD Nonlinear force calculation flag

=0 use default (=2, pseudo force)

= 1 calculate force as residual (applied - internal)

=2 calculate force as pseudo (directly from nonlinear strains)

This keyword is applicable for initial stiffness (right hand side) techniques only

METHOD retains its value until explicitly changed in a subsequent load case
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XII. 12. Microstre_s Plot Keyword: MICR

Line MICR MICRO

MICR

MICRO

Character string MICR

Microstress plot flag

---0 No output for microstress plots

= I Create output for microstress plots on version numbered files PATMICROF, P_

MICROA and PATMICROB for fiber, matrix region A, and matrix region B

Load case control variable ICAN must specify a full ICAN analysis (1,2,-1, or-l(

and the analysis locations should be specified in Section XXV., usually as NCS =-

XII. 13. Material Selected Stress Summary. Kevword: MATX

Line MATX MATS(l) ... MATS(JMAT)

MATX

MATS

Character string MATX

Vector of materials selected for stress summary

Up to JMAT materials may be specified. Currently JMAT=3. If less than MAT xr

rials are specified, the overall summary will include all materials. If JMAT materi:

are specified, the overall summary will include only the JMAT materials.

MATS retains its values until explicitly changed in a subsequent load case

XlI. 14. Load Subincrementing Keyword: RAMP

Line RAMP NSUB

RAMP

NSUB

Character string RAMP

Number of load subincrements

Boundary conditions for the current load case will be applied in a linearly ramped

fashion over the number of specified load subincrements. Temperatures are not

ramped so that stiffnesses corresponds to the final temperature for the load case

throughout load subincrementing. However, thermal loads are ramped along with;

applied loads (RPM, pressure, accel, prescribed displacemen0.

NSUB---0 turns off load subincrementing and is essentially equivalent to NSUB=I.
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XII. 15. Cross Section Layer Output Keyword: XSEC

Line XSEC IXPAT

XSEC

IXPAT

Character string XSEC

PATELSIG cross section layer output flag.

--0 PATELSIG results written for element layers

= 1 PATELSIG results written for cross section layers

For layered elements, PATRAN results file PATELSIG contains stress results at cen-

troid of each layer. Normally these layers are output for element layers: each element

has a layer 1 and layers are output from 1 to the number of layers in the element.

Since each element record must contain the same amount of information, each element

record contains layer stress records up to the maximum number of layers in any ele-

ment in the model. For layer records greater than the number of layers in a specific

element, all stress components are written = 0.

Setting IXPAT=I will write layers by cross section number, and any cross section lay-

er not within a specific element is written with all stress components = 0. Cross sec-

tion layer numbers are determined and stored during the cross section layering process

(see Section VII.2.) so this option is not usable with manual layering. Note that the

number of layers in an element record will be the maximum number of layers in any

cross section when IXPAT=I.
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Enter XIII. only if lACC " 1

XIII. ACCELERATION SPECIFICATION FOR INERTIA AND GRAVITY LOADS

Line ACCELX ACCELY ACCELZ

ACCELX Acceleration of the structure in the global X direction.

Units are [in/see 2]

ACCELY Acceleration of the structure in the global Y direction.

Units are [in/see 2]

ACCELZ Acceleration of the structure in the global Z direction.

Units are [in/sec 2]
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Enter only if not using ICAN to generate properties

XIV. MATERIAL ELASTIC PROPERTIES

Enter MMAT groups of material physical properties

Line MTN RTEM MTP DEN

MTN

RTEM

MTP

DEN

(CSTEM divides DEN internally by 386 irgsec**2 to obtain mass density)

Material number ( I:_2vlTN_<MMAT )

Stress free reference temperature for this material

Number of temperatures at which properties will be entered

Weight density of the material ( lbf/in.**3 )

XIV. 1. Isotropic Material

Enter MTP lines if the material is isotropic

Line TEMP E PR AL

TEMP

E

PR

AL

Temperature ( degrees E )

Elastic modulus ( 10"'6 psi )

Poisson's ratio

Mean coefficient of thermal expansion ( 10"*-6 in./in./degE )
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XIV.2. Orthotropic Material

Enter MTP lines if the material is orthotropic

Line TEMP EX EY EZ PXY PYZ PXZ GXY GZY GXZ ALX ALY ALZ

TEMP

EX

EY

EZ

PXY

PYZ

PXZ

GXY

GZY

GXZ

ALX

ALY

ALZ

Temperature ( degrees E )

Elastic modulus in the X direction ( 10"'6 psi )

Elastic modulus in the Y direction ( 10"'6 psi )

Elastic modulus in the Z direction ( 10"'6 psi )

Poisson's ratio relating X and Y strains

Poisson's ratio relating Y and Z strains

Poisson's ratio relating X and Z strains

Shear modulus in the X Y plane ( 10"'6 psi )

Shear modulus in the Z Y plane ( 10"'6 psi )

Shear modulus in the X Z plane ( 10"'6 psi )

Mean coefficient of thermal expansion in X direction (10"*-6 in./'mJdeg. E)

Mean coefficient of thermal expansion in Y direction (10"*--6 in.fmJdeg. E)

Mean coefficient of thermal expansion in Z direction(10"*--6 in./in./deg. E)

Poisson's ratios are related according to the equation

vii vii
E i Ej
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Enter only if using ICAN routines to generate elastic material properties

XIV.3. ICAiq Generated Elastic Properties

Line NMS

NMS Number of different material systems

Enter NMS of the following line

Line C1 C2 VFP VVP C3 C4 VSC VFS WS TCU DELM NWEAVE

C1

C2

VFP

WP

C3

C4

VSC

VFS

VVS

TCU

DELM

NWEAVE

Primary fiber type data bank code

Primary matrix type data bank code

Primary fiber volume ratio (0 < VFP < 1)

Primary void volume ratio

Secondary fiber type data bank code

(same as C1 for standard composite systems)

Secondary matrix type data bank code

(same as C2 for standard composite systems)

Secondary composite system volume ratio

(=0 for standard composite systems)

Secondary fiber volume ratio

Secondary void volume ratio

Cure temperature (used as reference temperature)

Percentage of moisture

Number of plys to combine in order to produce simulated weave properties

(--0 for unidirectional plies)

NOTE." Material numbers are assigned consecutively in order of input, i.e. first material system input is

material number 1, second material system input is material number 2, etc.

NOTE." A separator (blank or comma) is required between C 1 and C2 and between C3 and C4

Enter NWEAVE of the foUowing line

Line ANG THICK

ANG

THICK

Orientation angle of the ply [deg]

Ply thickness [inch]

NOTE." Simulated weave properties are obtained by calculating laminate properties for the combina-

tion of plies given above. All layers having a material number corresponding to this ICAN ma-

terial specification will use these simulated weave properties.
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Enter XIV..4. only if IFC is non-zero

XIV.4, Failure Criteria Strengths and Parameters

Line IMAT IFAIL

IMAT

IFAIL

Material number to which the following strengths and parameters apply

0 = end of this input (values from previous load case are reused if not input)
Failure criteria to be used for this material

1 = Tsai-Wu quadratic failure criteria
2 = Max Stress failure criteria

3 = Max Strain failure criteria

4 = Tsai-Hill failure critera

Line FT XT XC YT YC ZT ZC

FT

XT

XC

YT

YC

ZT

ZC

Temperature at which these strengths apply IF]

Tensile strength in material X (1) direction [psi]

Compressive strength in material X (1) direction [psi]

Tensile strength in material Y (2) direction [psi]

Compressive strength in material Y (2) direction [psi]

Tensile strength in material Z (3) direction [psi]

Compressive strength in material Z (3) direction [psi]

Line SXY SYZ SXZ (FXY FYZ FXZ)

SXY Shear strength in material XY (12) plane [psi]

SYZ Shear strength in material YZ (23) plane [psi]

SXZ Shear strength in material XZ (13) plane [psi]

The following parameters apply only when using the Tsai-Wu failure criteria (IFAK.= 1)

FXY Interaction parameter for material X and Y directions

FYZ Interaction parameter for material Y and Z directions

FXZ Interaction parameter for material X and Z directions

NOTE.' A non-zero IFC means that failure criteria parameter input is read until a zero material ntr

ber (IMAT--O) is encountered. Failure criteria will only be calculated for those materials th

have failure parameters defined. For subsequent load cases, a single IMAT=O line would i_

care that previously input parameters are to be used in failure calculations, For use with IC

strengths are calculated so simply enter a single IMAT--O line. The max stress criteria is th(

only one available with ICAN calculated strengths and is automatically selected.

NOTE." Failure criteria analysis performed using stress/strain oriented in global or material as spec

fled by IPOUT. If principle directions requested, failure criteria performed using global vaJ
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Enter XIE5. only if lELA=2, 12, or 21

XIE5. must be entered if using User Routines for plasticity, creep, or damage

XIV.5. User Material Properties and Constitutive Data

Line NMAT MQMX NIPS NRPS NEPS NSTATP NSTATM

NMAT

MQMX

NIPS

NRPS

NEPS

NSTATP

NSTATM

Number of materials for which properties are to be read

NMAT _f_0 if user material property file is to be used

Maximum number of values for any one material

(largest MATQ that will be input ; used to size storage record length)

Number of user storage locations needed in CHOOK integer property vector

(NIPS > I0)

Number of user storage locations needed in CHOOK real property vector

(NRPS _> 15)

Number of user storage locations needed in CHOOK strain storage vector

(NEPS > 18)

Number of user storage locations needed in CHOOK ply level state vector

(NSTATP > 30)

Number of user storage locations needed in CHOOK micro level state vector

(NSTATM _>_48 if using a micro level model, NSTATM---0 if not)

Enter NMAT of the foUowing two input line sets

Line MTN MATQ

MTN

MATQ
Material number ( I_MTN__CIMAT )

Number of input values to be read for material MTN ( 0_<MATQ<MQMX )

Enter as many lines as needed to input the MATQ material values

Line V(i)

v(i) Material values needed for user constitutive model

i= 1,MATQ (Max of 25 values per line, max line length of 80)
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Enter only if lPC contains a 1 (1, 12, 21, 123 etc.)

XV. PLASTICITY DATA

XV. 1. Plasticity. and I t_ra.tion Limit

Line NPMAT MPIT

NPMAT

MPIT

Number of materials for which plasticity data is to be read

-1 = No plasticity (turns off plasticity analysis for the current load case)

0 = No plasticity data to be read (allows only MP1T to be changed)

N = Plasticity data for N materials to be read

Maximum number of plasticity iterations to be performed.

If the solution does not converge after MPIT iterations the program will stop.

If the user wishes to continue with the next load case after non--convergence,

input MPIT as a negative number.

Enter NPMAT of Section XV.2. with the input of Sections XV.3. or XE.4. as appropriate

XV.2. Plasticity Options and Convergence Tolerance

Line IMAT IPLAS NPTEM NPTS PTOL PCUTF PHARD

IMAT Material number for which this plasticity data applies

IPLAS Plasticity option

0 = isotropic hardening

1 = subvolume kinematic hardening

3 = CT Sun orthotropic plasticity

10 = CHOOK user plasticity model

User plasticity data entered as user material properties (See Section XlV.5.)

NPTEM Number of temperatures for which plasticity data is to be entered

=0 no plastic material data to be read, any previously read data is retained

;e 0 reads material data at NPTEM temps, all previously read data is overwritten

NPTS Number of points used to specify the material stress strain curve (2<NPTS<10)

If NPTS<0, only a linear elastic solution will be done.

PTOL Convergence tolerance value, in strain or percent depending on sign of PTOL

PTOL>0 absolute change in plastic strain increment < PTOL

( 1.E-5 recommended, default),

PTOL<0 percent change in plastic strain increment < PTOL

( -.05 (5%) recommended )

PCUTF Plastic strain cutoff (default PCUTF = 1.E--6)

Plastic strain less than PCUTF will be assumed to be elastic.

PHARD Plasticity hardening parameter (used only for IPLAS= 1)

0 < PHARD < 1, where 0 = kinematic hardening, 1 = iostropic hardening
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Enter XE.3. only if lPLAS = 0 or IPLAS = 1

Enter NPTEM of Section XV.3. in increasing order from temperature 1 to NPTEM.

XV.3. Classical Plasticity_ Models

Line TEMP

Line STRESS(l)

Line STRESS(2)

Line STRESS(NPTS)

STRAIN(I)

STRAIN2)

STRAIN(NPTS)
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Enter XE.4. only if lPLAS=3.

XV.4. C.T. Sun Orthotropi¢ Plasticity Model

Enter NPTEM of Sections XV.4 a. and XV..4.b. in increasing order from temperature I to NPTEM.

XV.4.a. Potential Function Parameters

Line TEMP A12 A23 A13

TEMP

A12, A23, A13

Temperature at which these parameters (and stress--strain curve) apply

Normal stress potential function parameters. Generally, A23 =1 is used

For no plasticity in the fiber direction, set A12 = AI3 = 0.

Line a44 aSS a66 (a12 a23 a31)

a12

a44,a55,a66

a12,a23,a31

Cll -4- Cl2 q-

C12 4- C22 +

Shear stress potential function parameters

Normal stress potential function parameters

If not entered, these parameters will be calculated from elastic constant

C13 C12 + C22 + C2S C13 + C23 + ,

C23 a23 = CI 3 + C23 + C33 a31 -- C11 + C12 + ,

NOTE." Parameters of the CT Sun potential function, f, should be defined such that

the effective stress - effective plastic strain curve is independent of orientation.

2f= A 12(al l-a12a22) 2 2+ A23((722-a23o'33) + A13(o'33-a31all)2 + 2a44a23 + 2a554723

XV.4.b. Master Effective Stress - Effective Plastic Strain Data

Enter XE.4.b.1. stress-strain pairs only if NPTS _ × 0

XV.4.b. 1. Piecewise Linear Representation

Line SBAR(1) EPBAR(1)

:

Line SBAR(NPTS) EPBAR(NP'I_)

SBAR Effective stress, a, where _ = v/_

EPBAR Effective plastic strain, e_'

Enter XE4.b.2. power law coefficients only if NPTS = 0

XV.4.b.2. Power Law Ret_resentation

Line A n C

A, n, C Coefficients of power law representation of

effective stress - effective plastic strain curve, where a-'v = A(o-) n + C_
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Enter only if lCRO _ 0

XVI. RATE DEPENDENT INELASTICITY TIME INCREMENT CONTROL

Line N2M TINIT ECMAX SIGMAX ERMAX DELMIN DELMUL

N2M Number of equal time steps in the load case.

If a zero is entered the dynamic time incrementing algorithm will be activated and the

remaining data on this line is needed.

TINIT Initial time step for the load case.

If a zero is input the initial time step for the ftrst load case will be .0 l'TIME.

If zero is input for subsequent load cases the initial time step will be half of the time

step calculated at the end of the previous load case.

ECMAX Maximum effective inelastic strain increment per time step.

(default is .000200)

SIGMAX Maximum effective stress change per time step.

(default is 4000 PSI)

ERMAX Maximum allowable integration error per time step.

(default is .02)

DELMIN Minimum allowable time step.

(default is .0 l'TIME)

DELMUL Max multiplier on increment from current time step to the next.

(default is 1.5)
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Enter only if lPC contains a 2 (2, 12, 21, 123, etc)

XVII. MATERIAL TIME DEPENDENT PROPERTIES

XVII. 1. Creep and Iteration Limit

Line NCMAT MCIT

NCMAT

MCIT

Number of materials for which creep data is to be read

- 1 = No creep (turns off creep analysis for the current load case)

0 = No creep data to be read (allows only MCIT to be changed)

N -- Creep data for N materials to be read

Maximum number of creep iterations to be performed in a time step.

If the solution does not converge after Mcrr iterations the program will stop.

If the user wishes to continue with the next time step after non-convergence,

input Mcrr as a negative number.

Enter NCMAT of Section XV.2. with the input of Sections XV..3. or XE.4. as appropriate

XVII.2. Creep Options and Convergence Tolerance

Line IMAT ICRP NCTEM IHARD SIGNRM CTOL TCUT SCUT

IMAT Material number for which this creep data applies

ICRP Creep option

0 or 1 = 5 term classical creep model

2 = CT Sun orthotropic creep model

10 = CRHOOK user creep model

NCTEM Number of temperatures for which creep data is to be entered

--0 no creep material data to be read, any previously read data is retained

;_ 0 reads material data at NCTEM temps, all previously read data is overwritten

IHARD creep hardening rule

0 = time hardening

1 = strain hardening

SIGNRM Normalization stress in psi, default is 100(X_.

CTOL Convergence tolerance value, in psi or decimal percent depending on sign of C'I

CTOL>0 absolute change in effective stress increment < CTOL

( 100 psi recommended, default),

CTOL<0 percent change in effective stress increment < CTOL

( -.01 (1%) recommended )

TCUT Temperature (deg. F) below which creep will be ignored.

If the temperature is less than TCUT then the creep strain rate will be zero.

SCUT Stress (psi) below which creep will be ignored.

The SCUT option is not currently available.
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Enter XVII.3. only if using 5 term classical creep law (ICRP = 1)

XVII.3. Classical Creep Formulation

Enter NCTEM of Section XVII.3.a.

XVII.3.a. Creep Constants

Line TEMP

TEMP

Line K N M Q R

K,N,M,Q,R

Temperature at which creep properties are input

Constants in the creep equation:

[c = K'-_tg + Q_t

where the normalized effective stress, o=SIG/SIGNRM and t is time in hours

Creep rupture option is not currently available. Enter NRUPT = 0

XVII.3.b.

Line NRUIrr

NRUPT

Creep Rupture Data

Number of temperatures at which creep rupture data is input

Since creep rupture option is not currently available, enter 0

Enter the fi)llowing lines only (f NRUPT _ × 0

Line

Line

Line

RUPTEM(I)

RUPTEM( )

STRESS(I,I) TIME(I,I)

S TRESS (N R U PT, 1) "rl M E (NRL'PT, 1)

RUPTEM(2) ... RUPTEM(NRUPT)

Temperatures at which creep rupture data is to be read

STRESS(I,2) TIME{ 1,2)

STRESS(NRUPT,2) TIM-E(NRUPT,2}

For each line the STRESS, TIME pairs specified define 2 points on the creep rupture cttrve at

a given RUPTEM. Stresses are in psi and times are in hours.
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Enter XVH.4. only if using C.T. Sun creep law (ICRP = 2)

_Enter NCTEM of Section XVH.4.

XVII.4. C.T. Sun Orthotropic Creep Constants

Line TEMP

TEMP Temperature at which creep properties are input

Line B C D m n r s

B C D m n r s Constants in the C.T. Sun creep equation:

[c = BiTmt+ C-o'o'o_(1-exp[-D_"P])

where the normalized effective stress, -o=SIGISIGNRM and t is time in hours.

The exponent n is the same as n in the power law eft stress - eft plastic strain curve,

but must be input here even if entered for C.T. Sun orthotropie plasticity.

The potential function parameters in Section XV.4,a, must be input as well.

If no plasticity is to be done for this material,

set NPTS < 0 to avoid input of stress-strain curves.

If no plasticity analysis at all is desired,

set IPLO = 0, IPC = 12 to read both plastic and creep properties, IPLAS = 3 to read CT Stm

plasticity inputs, and NPTS < 0 to avoid input of stress-strain curves
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Enter only if lPC contains a 3 (3, 13, 23, 123 etc.)

XVIII. DAMAGE DATA

XVI'I]. 1. Damage and Iteration Limit

Line NDMAT MDIT NCYC NCYPTS NCYCM IUNIT

NDMAT

MDIT

NCYC

NCYPTS

NCYCM

IUN1T

Number of materials for which damage data is to be read

-1 = No damage (turns off damage analysis for the current load case)

0 = No damage data to be read (allows only MDIT, NCYC to be changed)

N = Damage data for N materials to be read

Maximum number of damage iterations to be performed.

If the solution does not converge after MDIT iterations the program will stop.

If the user wishes to continue with the next load case after non-convergence,

input MDIT as a negative number.

Number of msision cycles to be calculated for this loading condition

(explicit load case cycles)

Number of cycle points (i.e. number of load cases comprising one cycle)

The load condition describing each cycle point is a load case, beginning with the

current load case, through NCYPTS load cases.

If NCYPTS = 1, the cycle is simply from an unloaded condition to the load condi-

tion of the current load case.

If NCYPTS > 1, the cycle is from an unloaded condition to the load condition of the

current load case, then through the next NCYPTS-1 load cases on the input deck.

Number of minor cycles (response calculated by damage model)

Units type flag. --0 for British units [psi, inch], -1 for SI units [MPa, meter]
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Enter NDMAT of Section XVIII.2. with the input of Sections XVIII.3. or XVIII,4. as appropriate

XVIII.2. Damage Options and Convergence Tolerance Parameters

Line IMAT MDAMG NDTEM DTOL ITYP

IMAT Material number for which the following apply

MDAMG Damage model option

0 = no damage

I = ADEAL (hardwired constants)

2 = Leckie CMCUMAT damage model

3 = VPI polynomial model

10 = DHOOK user damage model

NDTEM Number of temperatures for which damage data is to be entered

---0 no damage material data to be read, any previously read data is retained

0 reads material data at NDTEM temps, all previously read data is overwritten

DTOL Tolerance for material IMAT.

The convergence criteria used depends on the sign of TOL:

TOL>0 absolute change in convergence parameter < TOL

TOL<0 percent change in convergence parameter < TOL

Convergence type flag, indicating parameter on which convergence is based

=1 convergence is based on a scalar damage parameter

=2 convergence is based on effective total strain

=-I0 no iterations

ITYP
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Enter XVIII.3. only if MDAMG = 2

XVIII.3. CMCUMAT Material Data

Line TEMP

TEMP Temperature at which the following damage properties apply

XVHI.3.a. Matrix Elastic Properties

Line Em Vm fm mm Ym Dsat

Em

Vm

fm
mm

Ym

Dsat

Matrix Young's. Modulus [psi]

Matrix Poisson ratio

Matrix volume fraction (O<fm<l)

Matrix Weibull exponent

Energy release rate density [psi]

Saturation value of matrix damage (O<Dsat<l)

XVIII.3.b. Fiber Elastic Pro_rties

Line Ef vf ff mf tho Lo R So

Ef

Vf

ff
mf

tho

Lo
R

So

Fiber Young's Modulus [psi]

Fiber Poisson ratio

Fiber volume fraction (O<ff<l)

Fiber Weibull exponent

Fiber interface shear resistance [psi]

Fiber reference length [inch]

Fiber radius [inch]

Fiber reference stress [psi]

XVIII.3.c. Composite Properties

Line ganlllla

gamma Orientation of composite [deg]

(Enter 0., angle set internally)
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XVIH.3.d. Matrix Inelastic Properties for Normal Stresses

Line mo Oth

aO

Oth

Slope of inelastic strain [ l/psi 2]

Threshold stress [psi]

XVIII,3.¢. Matrix Inelastic Properties for Shear Stresses

Line al ¢thl d%thl a2 %th2 d%thZ

al

%thl

d'_thl

a2

"_th2

dXth2

First slope of inelastic strain [1/psi]

First threshold stress [psi]

First stress width [psi]

Second slope of inelastic strain [1/psi]

Second threshold stress [psi]

Second stress width [psi]

XVIII.3.f. Fatigue and Creep Parameters

Line thon NO expn KMEST TIMECY Ncycle

thon

NO

expn

TIMEST

TIMECY

Ncycle Number of cycles (input as NCYCM of Section XVIII. 1.)

XVIII.3.g. Creep Parameters

Line EPSID0 SIGMA0 nc

EPSIDO

SIGMAO

nc
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Enter XVIIL4. only if MDAMG = 3

XVIII.4. VPI Polynomial Damage

Line TEMP

TEMP Temperature at which the following damage properties apply

Line AA BB CC DD SA SB SC SU

AA

BB

CC

DD

SA

SB

SC

SU

Linear cycle term coefficient

Quadratic cycle term coefficient

Cubic cycle term coefficient

Fourth order cycle term coefficient

Stress ratio constant

Linear stress ratio coefficient

Quadratic stress ratio coefficient

Normalization Stress (ultimate) [psi]

The VPI model scales elastic properties according to the following polynomial equation:

E = 1 + {Aln(N) + BIn(N 2) + Cln(N 3) + DIn(N*)} * a + b_---_ + c_-- 0
Eo

where N is the cycle and 0 is the stress component appropriate to the modulus being scaled.
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XIX. NODAL DISPLACEMENTS

Enter NDIS of these lines

Line N IDOF IFIX DISP NEND NINe

N Node number

IDOF Degree of freedom for which the displacement is input

1 =X translation, 2 =Y translation, 3 =Z translation,

4 =rotation about X, 5 =rotation about Y, 6 =rotation about Z

IFIX Fixity flag

0 = free, I = prescribed displacement given by DISP

DISP Prescribed displacement ( in. or rad. )

NEND Last node having these nodal displacements

NINC Increment on nodes from N to N-END having these nodal displacements

NOTE." Nodal displacements are input in the local rotated coordinate system if one has be, n define(

for the node in the nodal skew input of Sect. HI. If a local rotated coordinate system has no)

been defined for the node, input is in global.

XX. NODAL APPLIED FORCES

Enter NFOR of these lines

Line N IDOF FORCE NEND NINC

N Node number

IDOF Degree of freedom for which force or moment is applied

1 =X force, 2 =Y force, 3 =Z force,

4 =moment about X, 5 =moment about Y, 6 =moment about Z

FORCE Applied force or moment

( Ibs or in-lbs, for axisymmetric elements lbs/rad or in-lbs/rad )

NEND Last node having these nodal forces

NINC Increment on nodes from N to NEND having these nodal forces

NOTE." Nodal applied forces are input in the local rotated coordinate system if one has been def'med

for the node in the nodal skew input of Sect. HI. If a local rotated coordinate system has not

been defined for the node, input is in global.
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XXI. NODAL TEMPERATURES

Enter NTEM of the following line

Line N TEMP N'END NINC

N

TEMP

NEND

NINC

Node number

Nodal temperature ( deg. E )

Final node number with this temperature. Default is N

Node increment from N to NEND
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XXIl. ELEMENT PRESSURE LOADS

Enter NPRE of these lines

Line ELN FACE P1 1:'2 P3 I'4 P5 P6 P7 1)8 NEND NINC

ELN Element number

FACE Face number

NOTE." For large displacement analysis (/DIS -- 1), pressures normally remain perpendicular to the

element face. If FACE is entered as a negative number, the pressure will be calculated actinl

perpendicular to the original geometry.

P1-P8 Pressure at nodes 1-8 on face [PSI]

NOTE." Positive pressure causes compression in the element. If only the P 1 pressure value is input

applied to all nodes on the face.

NEND Final element with this pressure. Default is ELN

NINC Element increment from ELN to NEND

NOTES ON FACE DEFINITIONS:

For element types 31, 32 and 33, face 1 is the N1-N2 face, face 2 is the N2-N3 face and face 3 is tt

N3-N1 face.

For 3D elements, faces and pressure nodes are defined according to local element connectivity as d,

fined in the following table:

RST
NI N2 N3 N4 N5 N6 N7 N8

AXIS
im

FACE1 3 1 2 3 4 9 10 11 12

FACE2 --3 5 6 7 8 13 14 15 16

FACE3 2 1 2 6 5 9 18 13 17

FACE4 -2 3 4 8 7 11 20 15 19

FACE5 1 1 4 8 5 12 20 16 17

FACE6 --1 2 3 7 6 10 19 14 18
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XXIII. ELEMENT ADDITION/REMOVAL OR MATERIAL CHANGE CODE

Enter NADD of thefollowing lines

Line NEL IVITV NEND NINC

NEL

MTV

NEND

NINC

Element number

Material change number

= -1 remove element

I_<MTV_<MMAT change element to this material number

Last element having this material change

Increment on elements from NEL to NEND

XXIV, FAILED STIFFNESSES

Enter NFAIL of the following lines

Line N'EL LIST

NEL Element with failed stiffness

> 0 if LIST is a list of layer numbers to have zero stiffness

< 0 if LIST is a list of integration points to have zero stiffness

LIST Layers of integration points to assign zero stiffness

NOTE." Shorthand notation may be used. Layer and int. pts. begin at 1 for each element with layer I at

-LAX end of element and int.pt. 1 in layer 1 at negative ends of in plane element axes (see

Section XXV. for diagram). Number of int.pts, per layer = INT*INT.

5.61



Enter _ only if the variable ICAN of Section XI.]. is not equal to zero

XXV. ICAN ANALYSIS INFORMATION

Line NCS MHANC

NCS > 0 Number of cross-sections to be analyzed, locations input below

-1 Analyze at centroid of all layered cross sections

-2 Analyze at all comer nodes of layered cross sections

MHANC Enhanced interlaminar shear stress flag for max shear stress cross sections.

--0 no enhanced shear stress calculations for the max shear stress cross sections

= 1 do enhanced shear stress calculations for the max shear stress cross sections

=-1 do enhanced shear stress calculations and scale the enhanced shear stress prof

to match the intedaminar shear stress resultant at the same cross section from FEM

calculated shear stresses

Enter NCS of the following line sets only if NCS > 0

Line NEL LOC NHANC

NEL Surface element number (1 st element in cross section). The cross section will be

determined by locating adjacent elements moving along the LAX axis.

LOC Code specifying location in cross section where analysis is done.

=0 for centroid

=m for Gauss point m where m is between 1 and (integration order)**2

Gauss points are numbered starting at negative element axes moving towards positJ

T, then S, then R.

=100 for all Gauss points

=-n for node number n where n is a surface node of first element in the cross seetic

NHANC Enhanced interlaminar shear stress calculation flag

--'0 no enhanced shear stress calculations for this cross section

=1 do enhanced shear stress calculations for this cross section

=--1 do enhanced shear stress calculations and scale the enhanced shear stress profi

to match the interlaminar shear stress resultant at this cross section from FEM calct

lated shear stresses

NOTE." If material axes are referenced directly to global using LTRAN of Section VII. the orientatk

angle is calculated assuming a global axis coincides with the through the thickness axis. ThJ

axis is found using LAX and the Jacobian (column with largest value in row LAX).
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Integration point numbering for LAX

st
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o I o 4 o 7
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Integration point numbering for LAX
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Integration point numbering for LAX

t
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= l(r)
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5.2. HEAT TRANSFER ANALYSIS INPUT
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HEAT TRANSFER INPUT DATA

XXVI. HI, AT TRANSFER TITLE CARD

TITLE - 80 characters max.

XXVII. LOAD CASE CONTROL INFORMATION

NOTE." The heat transfer analysis type is specified in the structural input deck as variable IHT de-

scribed in Section XI.1. The same applies to the method used to obtain heat transfer material

properties, which is set by the variable IELA. Initial nodal temperatures are set as indicated in

Section XXI. of the structural input deck.

XXVU, 1. Analysis Options

NHGEN NCBC NFBC NRBC NFLX ITERH HDELT NPRES NREST INT IDMH

NHGEN 0= No internal heat generation

1= Include internal heat generation

NCBC 0= No convection heat transfer

1= Include convection heat transfer

NFBC 0=- No surface heat flux

1= Include surface heat flux

NRBC 0= No radiation heat transfer

1= Include radiation heat transfer

NFLX 0= No nodal point heat flux

ITERH

HDELT

NPRES

NREST

INT

IDMH

1= Include nodal point heat flux

Max. iterations allowed (nonlinear analyses)

Convergence criteria

The i--th iteration is converged if ABS II (T(i)-T (i-l)) / T (i) II < HDELT

(Default = 1E-6 )

0= No prescribed nodal temperatures

1= Read prescribed nodal temperatures

0= Not a restart

1= This is a restart case

Integration order. 1 < INT < 4

0 = default of (# nodes)/8 + 1

Heat Transfer damage flag

0 = no damage input to be read

1 = read damage inputs
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Enter XXVII.2. only if NREST is not equal to zero

XXVII.2. Restart Option

NTIMR RTIME

NTIMR Time step number from which restarting

RTIME Time at the beginning of timestep NTIMR

Enter XXVII.3. for transient analysis only (IHT = 3 or 4)

XXVII.3. Time Step Points

NTIMSP

NTIMSP Number of time step points.

TIMSP(1), TIMSP(2), ..... , TIMSP(NTIMSP)

TIMSP(n) Starting time at each time step point.

If NTIMSP is positive, units are [HOURS].

If NTIMSP is negative, units are [SECONDS].

TIMINC(1), TIMINC(2), ..... , TIMINC_P-1)

TIMINC(n) Time increment for each time step.

(Same units as TIMSP)

NOTE." For steady state analyses (IHT= 1 or 2) NTIMSP is assumed to be 1.
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Enter XXV_. only if not using ICAN to generate properties

XXVIII. HEAT TRANSFER MATERIAL PROPERTIES

Enter MMAT of the following lines (MMAT = no. of different material types)

IMAT NTEMP MASS

IMAT Material number

MASS Mass density of material IMAT [kg/cubic era] or [Ibm/cubic inch]

NOTE'. IMAT = 0 will end input if not all material properties need to be input

MASS is initialized to the structural mass density in [Ibm/cubic inch] (DEN/386.)

input for material IMAT (See Section X1V.).

Mass densities input here will overwrite for heat transfer only.

Enter NTEMP of the following line

TEMP Kll K22 IO3 EMIS CP

TEMP

K11,K22,K33

EMIS

CP

Temperature [°C] or [°F]

Thermal conductivities along material axes for the given material and temperature

[W/m-°C] or [BTU/hr-ft-°F]

Emissivity

Specific Heat [KJ/kg-°C] or [BTU/Ibm-°F]
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HEAT TRANSFER DAMAGE

2LKI2L.L Ply Level Conductivity Damage

Line IMAT LAW NTEM

IMAT Material number

LAW Damage law to use with this material

--0 no change in conductivity due to damage

=1 interpolate from tables of temperature and mechanical damage

=2 exponential damage equation

=3 2nd order power law damage equation

NTEM Number of temperature values at which conductivity damage will be entered

Enter NTEM of the following two line sets, (XXIX.2, and _ only if LAW=I

XXIX.2. Conductivity Damage Table Temperatures

Line TEM NDAM

TEM

NDAM

Temperature value

Number of mechanical damage values

for which conductivity damage will be entered at this temperature

Enter NDAM of the following line

Conductivity Damage Tables

Line DAM CDAM1 CDAM2 CDAM3

DAM

CDAM1

CDAM2

CDAM3

Mechanical damage value

Conductivity damage ratio, ( k6an4kvirgin ), in material I direction

corresponding to temperature, TEM and mechanical damage, DAM

Conductivity damage ratio, ( kdam/kvirgin ), in material 2 direction

corresponding to temperature, TEM and mechanical damage, DAM

Conductivity damage ratio, ( kdanY2Cvirgin ), in material 3 direction

corresponding to temperature, TEM and mechanical damage, DAM
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XXIX.4.

Line

Enter NTEM of Section XXIX.4. only if LAW=2

Exponential Damage Law Formulation

TEM

TEM Temperature value

XXIX.4.a. Coefficient A

Line A1 A2 A3

A1

A2

A3

Coefficient A value for material 1 direction corresponding to temperature, TEM

Coefficient A value for material 2 direction corresponding to temperature, TEM

Coefficient A value for material 3 direction corresponding to temperature, TEM

XXIX.4.b. Coefficient B

Line B1 B2 B3

B 1 Coefficient B value for material 1 direction corresponding to temperature, TEM

B2 Coefficient B value for material 2 direction corresponding to temperature, TEM

B3 Coefficient B value for material 3 direction corresponding to temperature, TEM

NOTE: Conductivity damage is calculated from a mechanical damage parameter, d,

for each material direction according to the following equation: k_ = a + (k - a)e -sa
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Enter NTEM of Section XXIX.5. only if LAW=3

XXIX.5. Power Damage Law Formulation

TEM

TEM

Line

Temperature value

Coefficient A

Line A1 A2 A3

A1

A2

A3

Line B1

B1

B2

B3

Coefficient A value for material 1 direction corresponding to temperature, TEM

Coefficient A value for material 2 direction corresponding to temperature, TEM

Coefficient A value for material 3 direction corresponding to temperature, TEM

Coefficient B

B2 B3

Coefficient B value for material 1 direction corresponding to temperature, TEM

Coefficient B value for material 2 direction corresponding to temperature, TEM

Coefficient B value for material 3 direction corresponding to temperature, TEM

NOTE: Conductivity damage is calculated from a mechanical damage parameter, d,

for each material direction according to the following equation: k_ = A * d* d + B * d +
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Enter XXX. only if NHGEN - 1

XXX. INTERNAL HEAT GENERATION

XXX. 1. Element Specification

NEL NSETQG NEND INC

0 (LAST LINE)

NEL

NSETQG

NEND

INC

The beginning element # in this group.

Internal heat generation data set to be applied to these elements.

Ending element in this group.

Element number increment

NOTE." Several of the following input sections must end with a line containing a zero (0).

This will be indicated as was done above by:

0 (LAST LINE)

XXX.2. Internal Heat Generation Data $¢ts

NSETQG NFLAG NQGEND NQGINC

QRATE(1), ................. , QRATE(NTIMSP)

0 (LAST LINE)

NSETQG Beginning number for heat generation data sets

NFLAG Data set add/modify flag

---0 or 1 overwrite existing/create new data set

=2 scale (multiply) existing data set by QRATE

=3 add QRATE to existing data set

NQGEND Ending number for heat generation data sets

NQGINC Increment for heat generation data sets

QRATE(j) Heat generation rate per unit volume at time point (j).

[Watt/(meter) 3] or [BTU/(hr-ft3)].
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Enter XXXI. only if NCBC = 1

XXXI. CONVECTION HEAT TRANSFER

XXXI. 1. Element Specification

NEL IFACE NSETCV NEND INC

0 (LAST LINE)

NEL The beginning element # in this group.

IFACE The face # in this element.

(Faces are the same as for structural input. See Section XXII. or XXXV.)

NSETCV Convection data set to be applied to these elements.

NEND The ending element in this group

INC Element increment

XXXI.2, Convection Data Sets

NSETCT NFLAG NCTEND NCTINC

TCV(1), .................... , TCV(NTIMSP)

HCV(1), ................... , HCV(NTIMSP)

0 (LAST LINE)

NSETCT Beginning number for convection data sets.

NFLAG Data set add/modify flag

=0 or 1 overwrite existing/create new data set

=2 scale (multiply) existing data set by TCV

=3 add TCV to existing data set

NCTEND Ending number for convection data sets

NCTINC Increment for convection data sets

TCV(j) Temperature of the convection environment at time point (,j). [°C] or [*F]

HCV(j) Convection coefficient at time point (j). DVatt/(meter2-°C)] or [BTU/(hr-ft2-°F

i
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Enter XXXII. only if NFBC = 1

XXXII. SURFACE HEAT FLUX

XXXII. 1. Element Specification

NEL [FACE NSETSF NEND INC

0 (LAST LINE)

NEL

IFACE

NSETSF

_ND

_C

The beginning element # in this group.

Element face through which heat is passing

(Faces are the same as for structural input. See Section XXIL or

Surface heat flux data set that applies to these elements.

The ending element in this group.

Element increment

XXXII.2. Surface Heat Flux Data Sets

NSETSF NFLAG NSFEND NSFINC

SFLUX(1), .................... , SFLUX(NTIMSP)

0 (LAST LINE)

NSETSF Beginning number for surface heat flux data sets.

NFLAG Data set add/modify flag

--0 or 1 overwrite existing/create new data set

--2 scale (multiply) existing data set by SFLUX

=3 add SFLUX to existing data set

NSFEND Ending number for surface heat flux data sets

NSFINC Increment for surface heat flux data sets

SFLUX(j) Heat flux on the element surface at time point (j) [Watt/(meter2)] or [BTU/(hr-fi2)]
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Enter XXXIII. only if NFLX = 1

XXX]TI. NODAL HEAT FLUX

XXXm. 1. Node Specifications

NODE NSETNF NEND INC

0 (LAST LINE)

NODE

NSETNF

NEND

INC

The beginning node # in this group

Nodal heat flux data set that applies to these nodes

Ending node number in this group

Node number increment

XXXIII.2. Nodal Heat Flux Data Sets

NSETNF NFLAG NNFEND NNFINC

NFLUX(1), .................... , NFLUX(NTIMSP)

0 (LAST LINE)

NSETNF Beginning number for nodal heat flux data sets

NFLAG Data set add/modify flag

=0 or 1 overwrite existing/create new data set

=2 scale (multiply) existing data set by NFLUX

-3 add NFLUX to existing data set

NNFEND Ending number for nodal heat flux data sets

NNFINC Increment for nodal heat flux data sets

NFLUX(j) Nodal point heat flux at time point (j) [Watts] or [BTU/hr]
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Enter XXXIV. only if NPRES = 1

XXXIV. PRESCRIBED NODAL TEMPERATURES

XXXIV. 1. Node Specifications

NODE NSETPR NEND INC

0 (LAST LINE)

NODE

NSETPR

NEND

INC

The beginning node # in the group

Prescribed temperature data set that applies to these nodes

The ending node in this group

Node increment

XXXIV.2: Prescribed Temt)erature Data Sets

NSETPR NFLAG NPREND NPRINC

TFIX(1), .................... , TFIX(NTIMSP)

0 (LAST LINE)

NSETPR

NFLAG

NPREND

NPRINC

TFIX(j)

Beginning number for nodal prescribed temperature data sets

Data set add/modify flag

=0 or I overwrite existing/create new data set

=2 scale (multiply) existing data set by TFIX

=3 add TFIX to existing data set

Ending number for prescribed temperature data sets

Increment for prescribed temperature data sets

The prescribed nodal temperature at time point (j) [°C] or [°F]
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Enter XXXV. if NRBC = 1. If NRBC = Ogo to next load case, XXVII.)

XXXV. RADIATION HEAT TRANSFER

NOTE." Radiation heat transfer is available for IHT=2 or 4 only

XXXV. 1. Element S_t_cifications

NEL IFACE VIEWFT NSETRD NEND INC

0 (LAST LINE)

NEL

[FACE

VIEWFT

NSETRD

NEND

INC

The beginning element # in this group

Element face which is radiated

View factor for the element face

The radiation data set that applies to this group

The ending element in this group

Element increment
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XXXV.2. Radiation Data Sets

NSETRT NFLAG NRTEND NRTINC NGAS

TRAD(1), .................... , TRAD(NTIMSP)

EMISCF GEM GAB

0 (LAST LINE)

NSETRT Beginning number for radiation temperature data sets

........ NFLAG Data set add/modify flag

=0 or 1 overwrite existing/create new data set

=2 scale (multiply) existing data set by TRAD

=3 add TRAD to existing data set

NRTEND Ending number for radiation temperature data sets

NRTINC Increment for radiation temperature data sets

NGAS Number of EMISCF GEM GAB input lines to be read for this data set (can be 0)

TRAD(j) The radiation environment temperature at time point (j) [°C] or [°F]

EMISCF Emissivity scale factor (multiplies material emissivity; =I.0 if not defined)

GEM Gas emissivity coefficient

--0.0 calculate using R table of Section XXXV.3.

=1.0 for surface to surface radiation (default if not defined or calculated)

GAB Gas absorptivity coefficient

--0.0 calculate using R table of Section XV.3.

= 1.0 for surface to surface radiation (default if not defined or calculated)

NOTE." EMISCF, GEM, and GAB can be functions of temperature. The elements in the data set (Sec-

tion XXXV. 1.) should be of the same material. Input a line for each temperature at which the

heat transfer properties of that material are defined (Section XXVIII.).

XXXV.3. Combustion Constant Table

TGAS(1), TGAS(2), .......

R(1), R(2), .......

TGAS(j)

R(j)

Gas (flame) temperature [oF] for each R value

Combustion constant, used to calculate gaseous emissivity and gaseous absorbtivity

according to the following equations:

Egas = 1 - expl------_'_'_l
I ' "" lt.Trad" .I I_Twall " .I

NOTE: If gas emissivity (GEM) and gas absorptivity (GAB) are not input for a radiation data set and

no combustion constant table has been entered, they take on the default value of 1.0, which cor-

responds to surface to surface radiation.

5.77



NOTES ON HEAT TRANSFER I_¢PI.ITS

The maximum data set number allowed is def'med by the parameter MXSET as compiled in the

CSTEM code. (Currently, MXSET=200.) Each data set may contain any combination of h

transfer quantities. Data set numbers need not be unique between differing quantit_s, i.e. it

fine to have a convection data set 1 as well as a radiation data set 1.

Element faces and face nodes are defined, in the same manner as for structural pressure loads, accc

ing to local element connectivity as defined in the following table:

RST
N1 N2 N3 N4 N5 N6

AXIS

•FACE 1 3 1 2 3 4 9 10

FACE2 --3 5 6 7 8 13 14

FACE3 2 1 2 6 5 9 18

FACE4 --2 3 4 8 7 11 20
ii i

FACE5 1 1 4 8 5 12 20

FACE6 --1 2 3 7 6 10 19

N7 N8

11 12

15 16

13 17

15 19

16 17

14 18
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5.3. ELECTROMAGNETIC ANALYSIS INPUT AND DATA BANK
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AB$ORFrIVITY INPUT DESCRIPTIONS

XXXVI. ELECTROMAGNETIC TITLE CARD

TITLE: Any 80 character title.

Enter XXXVII. for first absorptivity load case only

XXXVII. MATERIAL DESCRIPTION

Enter MMAT of the following line

MTN MATCOD

MTN Absorptivity material number

If MTN is negative, the data bank for this material will be printed.

NOTE." Absorptivity material numbers must coincide with structural geometry material numbers

MATCOD Absorptivity data bank material identifier code (1 to 8 characters long).

The identifier COND indicates a conductor material which reflects

all incident radiation.
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XXXVIII. ELECTROMAGNETIC WAVE DESCRIPTION

NWAVE

NWAVE Number of wave descriptions to be read

Waves are numbered consecutively according to order of input.

Enter NWAVE of the following line

NTRN WAVMAG ANGP FREQ

Maximum of 10.

NTRN Transformation number describing orientation of the wave coordinate system with

respect to global

NOTE: Transformation info must have been input in structural section.

WAVMAGWave magnitude (amplitude).

ANGP Polarization angle [DEG]. Measured from wave coordinate system X axis.

FREQ Wave frequency [Hz]

NOTE." The variable IEMAG is specified in the structural input as an Analysis Option and is a master

control for absorption calculations as well as indicating the type of method to be used. The

variable IABSO is specified in the structural input deck as a Load Case Control Option and is

an on/off switch for the individual structures load case.

XXXIX. PROPAGATION PATH DESCRIPTION

NPATH

NPATH Number of propagation paths to be read

Paths are numbered consecutively according to order of input. (-10_q_IPATH<10)

>0 does specified paths only, does no exposure analysis

---0 determines faces exposed to incoming wave and performs absorption analysis on

all faces exposed more than 90%

<0 does specified paths only, determines and prints exposed faces

Enter ABS(NPATH) of the following line

NEL FACE

NEL

FACE

Surface element which wave encounters first

Element face upon which wave impinges

5.81



NOTES: Element faces are defined, in the same manner as for structural pressure loads, according

local element connectivity as defined in the following table:

RST N1 N2 N3 N4 N5 N6 N7 N8
AXIS

FACE1 3 1 2 3 4 9 10 11 12

FACE2 -3 5 6 7 8 13 14 15 16

FACE3 2 1 2 6 5 9 18 13 17

FACE4 --2 3 4 8 7 11 20 15 19

FACE5 1 1 4 8 5 12 20 16 17

FACE6 -1 2 3 7 6 10 19 14 18

_-,. ABSORPTIVITY LOAD CASE DESCRIPTION

NLC

NLC Number of load cases to be read and calculated

Enter NLC of the following line

WAVENO PATI:INO

WAVENO Wave number to be used in this load case

PATHNO Path number to be used in this load case
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NOTES:

1) The electromagnetic wave is defined using a transformation of a "wave coordinate system"

from the global coordinate system. The wave coordinate system has been defined such that the wave

propagates along the wave coordinate Z (or3) axis. Polarization is then defined as an angle relative to

the wave coordinate X (or 1) axis. For example, the wave lies in the X-Z plane for 0 degree polariza-

tion, and in the Y-Z plane for 90 degree polarization.

2) The propagation path is calculated by starting at the input surface element on the impinge-

ment face then through the model by going from the entering face to the opposite face of an element

and on into the adjacent element connected to that opposite face. It is assumed that the layers encotm-

tered are the same as those through the cross section at the point of impingement. The absorption is

calculated using angles and temperatures calculated at the eentroid of the layer incident faces within

each element. Checks are made for layers extending into the next dement by comparing material type

and orientation of layers with the global coordinate system. If these both match the layer is skipped,

thus the temperature used will have been from the sttrface of the segment of the layer in the ftrst ele-

ment containing that layer.

3) The element face upon which the wave impinges must be a face parallel to the layers within

the element, or in other words, a face perpendicular to the through the thickness axis, LAX.

4) Two data bank formats are available to specify electric properties. The type being used is

determined by counting the number of inputs on a frequency line. This means the two types can be

mixed. The optional properties are converted into the standard electric property form immediately af-

ter the line is read. The equations used to make this conversion are

PERM'rYR = DIECON * E0

PERMTYI = LOSTAN * E0

PERMBYR = U0

PERMBYI = 0.0

CONDTY = LOSTAN * PERM'rYR * FRQABS

with E0 = free space permittivity (2.249B--13 farads/in) and U0 = free space permeability (3.192E--8

henries/in).

5.83



XLI. ELECTROMAGNETIC DATA BANK FORMATS
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XLI. 1. TABLES DATA BANK FORMAT (IEMAG=3)

MATL NTEM

TEMABS(1) NFRQ

FRQABS(1) NANG

ANGABS(D NXTRA
XTRABS ABSORB

ANGABS(NANG) NXTRA

XTRABS ABSORB

FRQABS(NFRQ) NANG

ANGABS(1) NXTRA

XTRABS ABSORB

ANGABSfNANG) NXTRA
XTRABS ABSORB

TEMABS(NTEM) NFRQ

FRQABS(1) NANG

ANGABS(1) NX'rR.A

XTRABS ABSORB

ANGABS(NANG) NXTRA

XTRABS ABSORB

FRQABS(NFRQ) NANG

ANGABS(1) NXTRA
XTRABS ABSORB

ANGABSfNANG) NXTRA

XTRABS ABSORB

MATL

NTEM

TEMABS

NFRQ
FRQABS
NANG

ANGABS

NXTRA

XTRABS

ABSORB

= 1 to 8 character alphanumeric material code

= Number of temperatures for this material

= Temperature value IF]

= Number of frequencies for this temperature

= Frequency value [MHz]

= Number of polarization angles for this frequency

= Polarization angle [DEC;]

= 0 (this may be used for data bank expansion)

= 0 (this may be used for data bank expansion)

- Decimal amount of energy absorbed for this material at temperature TEMABS,

frequency FRQABS, and polarization angle ANGABS.
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NOT_:

1) The variables (NTEM, NFRQ, NANG) do not need to be the same each time they are used.

2) Maximums for these variables are presently: 10 for NTEM, 10 for NFRQ, 5 for NANG

3) MATL must begin with an alphabetic.

4) ABSORB is a decimal amount of energy absorbed, i.e. if all the energy is absorbed ABSORB =

if half the energy is absorbed ABSORB = 0.5
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XLI.2. IMPEDANCE DATA BANK FORMAT CIEMAG=I OR 2)

MATL NTEM

TEMABS(1) NFRQ

FRQABS(1) PERMTYR PERMTYI PERMBYR PERMBYI

FRQABS(NFRQ) PERMTYR PERMTYI PERMBYR PERMBYI

TEMABS(NTEM) NFRQ

FRQABS(1) PERMTYR PERMTYI PERMBYR PERMBYI

FRQABS(NFRQ) PERMTYR PERMTYI PERMBYR PERMBYI

MATL

NTEM

TEM_..BS

NFRQ

FRQABS
PERMTY

PERMBY

= 1 to 8 character alphanumeric material code

= Number of temperatures for this material

= Temperature value [F]

- nNumber of frequencies for this temperature

= Frequency value [MHz]

= Complex permittivity at this temperature and frequency.

PERMTYR real, PERMTYI imaginary

= Complex permeability at this temperanne and frequency.

PERMBYR real, PERMBYI imaginary

NOTES:

1) The variables (NTEM and NFRQ) do not need to be the same each time they are used. In other

words, the number of frequencies can be different for each temperature.

2) Maximums for these variables are presently: 10 for NTEM, 10 for NFRQ

3) MATL must begin with an alphabetic.

4) Conductivity (used for IEMAG=2) is calculated as: CONDTY = PERMTYI * FRQABS
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XLI.3. DIELECTRIC CONSTANT DATA BANKFORMAT (IEMAG=I OR 2)

MATL NTEM

TEMABS(1) NFRQ

: FRQABS(1) DIECON LOSTAN

: FRQABS(NFRQ) DIECON LOSTAN

TEMABS(NTEM) NFRQ

FRQABS(1) DIECON LOSTAN

FRQABS(NFRQ) DIECON LOSTAN

DIECON

LOSTAN

= Dielectric constant (relative permittivity)

= Loss tangent
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5.4. ACOUSTICS ANALYSIS INPUT
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SOUND POWER CALCULATION

INPUT DESCRIPTION

XLII. SOUND POWER CALCULATION CONTROL VARIABIF_q

NUMFRQ NDRMSK NODDIR NODFRC

NUMFRQ Number of frequencies for which radiation efficiencies and sound power are cal
lated

NDRMSK Number of mask points

NODDIR Direction of nodal forcing function

1 = X direction

2 = Y direction

3 = Z direction

NODFRC Node number at which force is applied

XLIII. FREOUENCY RANGE

FRQMIN FRQMAX

FRQMIN Minimum frequency for sound power calculation [HZ]

FRQMAX Maximum frequency for sound power calculation [HZ]

NOTE.- The NUMFRQ frequencies will be logarithmically distributed between FRQMIN and

F QMAX.

XLIV. APPLIED FORCE

FORCE

XLV.

ETA(l) ETA(2)

ETA(i)

FORCE The magnitude of the applied force [LBF]

LOSS FACTORS

... ETA(NEIG)

The modal loss factor for each mode.

culated.

XLVI. MASKING POINT

Enter NDRMSK of the following line

DIRMSK(1) DIRMSK(2) DIR.MSK(3)

DIRMSK(i) The X, Y, and Z coordinatesof the masking point.

One value required for each eigenvalue c_
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NO $:

A masking point is used to eliminate some of the surfaces of elements from being included in

the sound power calculations. Faces of elements interior to a structure are automatically eliminated by

the program and need not be considered for masking.

It is often desirable to not include all surfaces of a structure for sound calculations. For exam-

ple the exterior surface of a pipe might be the only surface desired for sound power calculations. The

interior of the pipe can be masked out by specifying a masking point anywhere on the interior of the

pipe.

Masked surfaces are defined to be any element surface which has a positive dot product be-

tween the surface of an element and a vector from the element face to the masked point. Thus only

one point is required to mask all interior surface faces of a straight pipe.

Output of radiation efficiencies are dimensionless and the sound power is output in [WATTS].
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5.5. TAILORING CONTROL INPUT
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TAILORING INPUT DESCRIPTION

XLVII. TAILORING TITLE LINE

TITLE: The fn'st line in the file is an 80 character line for identification..

XLVIII, TAILORING CONTROL VARIABLES

$ NPRO Procedure number

Designates which ANALIZ routine to use. $ must be in column 1 followed by at least one

blank space.

NCALC NDV.

NCALC

NDV

Specifies type of analysis

0 = read input and stop

1 = one cycle through program

2 = Optimization isperformed

Number of independent design variables.

IPRINT ITMAX ICNDIR NSCAL ITRM

NSCAL

I'PRINT print control used in optimization.

0 = No print during optimization

1 = Print initial and final optimization information.

2 = Print above plus objective function value and design variables values at each itera-

tion.

3 = Print above plus constaint values,direction vector and move parameter at each it-

eration.

4 = Print above plus gradient information.

5 -- Print above plus each proposed design vector, objective function, and constraint

values during the one--dimeusional search.

ITMAX Maximum number of optimization iterations allowed

Default--20

ICNDIR Conjugate direction restart parameter.

Default=NDV+l.

Scaling parameter. Internal scaling takes place every NSCAL times.

(0 or NDV+ 1 is used)

ITRM Number of consecutive iterations which must satisfy convergence criterion before

optimization is terminated.

Default-3.
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XLIX. TOLERANCES

FDCH FDCHM

FDCH Relative change in design variables.

Default value---.01.

FDCHM Minimum absolute step size.

Default = .01

DELFUN DABFUN ALPHAX

DELFUN Minimum relative change of the objective function to indicate convergence of t_

optimization process.

Default - .001.

DABFUN Minimum absolute change for Convergence. "

Default = .001 times the original objective function.

ALPHAX Maximum fractional change in any design variable for a first estimate.

Default =. 1

5.94



L. OBJECT AND DESIGN VARIABLES

NDVTOT IOBJ SGNOPT

NDVTOT Total number of variables, including variables which are linked to variables.

Default -- NDV

IOBJ Global variable number associated with objective function.

This number determines the location of the objective function in GLOBAL COM-

MON.

SGNOPT Sign used to determine whether the objective function is to be maximized or mimi-

mized.

= +1. for maximization.

= -1. for minimization.

Enter NDV of the next line (one for each design variable).

VLB VU'BX

VLB

VUB

X

Lower bound of design variable

If VLB .LT. -1.0E+15 there is no lower bound

Upper bound of design variable

If VUB .GT. +l.0E+15 there is no upper bound

Initial value for design variable.

Enter NDV of the next line.

NDSGN IDSGN AMULT

NDSGN Design variable number associated with this input.

IDSGN Global variable number associated with this input.

AMULT Constant multiplier on this design variable

Default -- 1.0
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LI. CONSTRAINTS

NCONS

NCONS Number of constraint sets.

Enter NCONS of the next two lines

ICON JCON

ICON

JCON

First global variable number associated with constraint set.

Last global variable number associated with constraint set.

BL SCAL1 BU SCAL2

BL

SCAL1

BU

SCAL2

LII. END

END

END

Lower bound for constraint

Normalization scale factor for BL

Upper bound for constraint

Normalization scale factor for BU

Indicator for end of input.
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NOTE." The following is an example of the above input. A dollar sign ($) in column 1 signals a com-

ment only line, with the exception of the 2nd line. The 2nd line contains a procedure number

and is used by CSTEM to branch to the subroutine associated with the procedure.

ABSORPTION TEST CASE

$ 1 PROCEDURE 1

2,3

$ MAX OF 3 ITERATIONS

5,3,5,5

0.5,0.5

.1

$ OBJECT FUNCTION IS EM ABSORBPTION

3,25,1.0

$ DESIGN VARS. ARE % OF THICKNESS FOR 3 OF 4 LAYERS

0.0,1.,.30

0.0,1.,.25

0.0,1.,.30

1,17,1.

2,18,1.

3,19,1.

$ NO CONSTRAINTS

0

END

5.97





SECTION 6. DESCRIPTION OF OUTPUT

Results from CSTEM analyses are printed out on many files. Generally, for each analy-

sis module there is an input echo file and a printed results fde, along with several scratch fries.

There may also be some intermediate printout fries as well as some specialty files that contain

data that may be used for plotting, etc. A summary of the various output files is shown here. A

complete listing of the CSTEM file structure is contained in Appendix 1.

FILE SUMMARY

1

4

6

7

8

10

18

22

31

37

46

51

59

60

61

62

68

69

76

93

STRUCTURAL AND ACOUSTICS INPUT ECHO, ERROR MESSAGES

STRUCTURAL RESULTS AND ELECTROMAGNETIC RESULTS

SYSTEM OUTPUT. CONTAINS TIMING SUMMARY, SOME ERROR MESSAGES

ELEMENTAL STIFFNESS FOR USE IN SUBSEQUENT RUNS

IN.PT. STRESSES AND STRAINS FOR USE IN SUBSEQUENT RUNS

STRUCTURAL RESTART FILE

LAYER ORIENTATION VISUALIZATION AS CENTROID DISPLACEMENTS

INTEGRATION POINT DATA FOR USE IN SUBSEQUENT RUNS

HEAT TRANSFER INPUT ECHO AND NODAL TEMP RESULTS

HEAT TRANSFER RESTART FILE

MODESHAPE STRESS/STRAIN OUTPUT FILE

ELECTROMAGNETIC INPUT ECHO

ACOUSTICS RESULTS

DEBUG FILE (VARIOUS INTERMEDIATE PRINT WHEN ACTIVATED)

ICAN RESULTS OR CROSS SECTION INTERPOLATED STRESSES

CROSS SECTION INTERPOLATED STRAINS

RAX VIBRATION RESULTS FILE

SIESTA TYPE VIBRATION MODESHAPES FILE

GENERAL TAILORING RESULTS FILE

TYPE SPECIFIC TAILORING RESULTS
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6.1. INPUT ECHO, FILE1(NT1)

This file mainly containsalabelledechoof the input read. It alsocontainstheresultsof

internalgenerationof geometry.This would includenodal coordinatesandelementcotmeetivi-

tieswhenusingtheinternalmeshgenerationandtheresultsof elementlayeringof representative

crosssections,whenapplicable.Variouserrormessagesarealsowritten to this file.

6.2. STRUCTURALRESULTS,FTLE4(NT4)

If nodalbandingisperformedon thestructuralmodel theresultsareprintedon this fide.

The maxbandwidthandwavefrontinformationfor theoriginal andbandednumberingis printed

with a doubleline underthecolumnwhich wasusedin the analysis. If thenodeswererenum-

beredinternally, a listing of theexternalnodenumbersin the internalnumberingorderis written.

Thebandinginformation is written only once,but all following information is written for every

loadcase.

Datafrom elementalstiffnessgenerationis printedto this file. This information is

printedelementby elementin ascendinginternalorder. Thedatawhich is printedcanbecon-

trolled by theinput variableISTRPon theelementdefinition line. ISTRPalsocontrolstheele-

mentstress/strainprintout locations(integrationpoint, node,face). SectionV.1.of the input

sheetsdescribestheprintout thatcanbeobtainedusingthis variable. A summationof theele-

mentvolumesandweightsis printed attheendof theelementaldata.

Vibration frequenciesandinformationon theconvergenceof largedisplacementitera-

tionsareprintednext. Globaldisplacementsandreactionforcesfor all nodeslisted in ascending

externalnodenumberorderareprintednext,followed by elementstressandstrainresults. If re-

quested,failure criteria calculation results are primed with integration point strains. Buckling

results follow the max and rain stress/strain summary. The output of the displacements, forces,

and stress/strain info can be controlled by the input variable IPOUT on the second load case con-

trol line as described in Section XI. 1. of the input sheets. This output can be turned on and off

load case by load case. In addition, the stresses and strains can be requested in global or material
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axissystems.If the max and min displacements for a load case are both determined to be zero,

no stress/strain output will be generated for that load case regardless of the value of IPOUT.

Electromagnetic results are also printed on this f'de and would appear after the structural

results for a load case. If an exposure analysis was done, all element.surface faces are listed

along with the percentage of each surface face that can be seen by the incoming wave. The re-

suits for each wave orientation are then listed for each requested impingement location.

6.3. MODESHAPE STRESS/STRAIN OUTPUT, FILEA6 (NT46)

This file contains stress and strain printout for each vibration modeshape calculated.

Output to this file is controlled by the variable IEIGST as described in Section XI. 1. of the input

sheets. Modeshapes normalized to a max displacement of 1.0 are used as the structural displace-

ments with stress recovery performed in the same manner as a smile solution. The IPOUT vari-

able determines whether a complete element by element listing is produced, or only a summary

of max and rain stresses and strains.

6.4. STRUCTURAL RESTART, FILE10 (NT10)

This file contains the necessary information to restart a run from one of the load cases

on this file. This is basically control information and nodal displacements for small displace-

ment analyses. For large displacement analyses the stress and strain information at each integra-

tion point must be saved as well. This will be a much larger file in this case. Geometry, material

properties, and loading information is assumed to be contained on the input deck for a restart

run. It is not contained on the restart t-de.

The input variable NOUT, described in Section 1.3. of the input sheets, controls whether

this file is created or not, and whether all load cases or only the latest load case will be saved on

the file. If only the latest load case is to be saved, the restart file is rewound each time just prior

to writing.
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6.5. ELEMENT STIFFNESS, FILE7 (NT7)

The calculation of element stiffnesses can be time consuming, so the element stiffnesses

can be saved to this file and read in for a subsequent run which would have the same stiffnesses.

This file is a direct access (random) file, and its use is controlled by the variable KSAVE which

is read on the element definition header line of the input deck as described in Section V. 1. of the

input sheets.

6.6. LAYER VISUALIZATION, FILE 18 (NT 18)

A way to visualize layer orientation is provided by printing special nodal displacements

to this file. A specially numbered node is assumed to exist at each element centroid, and a dis-

placement of this node along the fiber axis is printed for each layer of each element. The cen-

troid node is numbered as 2*(LX-1)+NNMAX+I, where LX is the element number and

NNMAX is the largest node number allowed. Therefore, the nodes printed on this file do not

actually exist in the model, but can be included graphically. One way to visualize the orientation

is to create a zero length beam element (strut) at the element eentroid and use the displacement

on this file as the displacement of one of the ends of the strut. This is the reason that the nodes

listed on this f'de are numbered by twos. The format of this file is:

Layer No., Node No., Dx, Dy, Dz, NNMAX

6.7. HEAT TRANSFER INPUT ECHO AND RESULTS, FILE31 (NT31)

The input read is echoed to this file along with some of the parameters passed into the

heat transfer module from the executive routine. Geometry is not printed here. Following the

input echo the resulting nodal temperatures are printed in ascending external node number order

for each timestep in each load case. The ending time and number of iterations required to arrive

at the solution are also printed.
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6.8. HEAT TRANSFERRESTART,FILE37 (NT37)

This file contains basically the same nodal temperature results as on the results file,

NT31, but without any labels so that it can be easily read. The results for each timestep are

printed. This file is used to continue a heat transfer solution from the results at one of the stored

timesteps.

6.9. ELECTROMAGNETIC INPUT ECHO, FILE51 (NT51)

This file contains the echo of the electromagnetic input data. If requested by the use of

a negative material number, the file also contains an echo of the data bank information for the

material.

6.10. ACOUSTICS RESULTS, FILE59 (NOSND)

This file contains the acoustics analysis results as radiation efficiencies and sound power

generated by each calculated structural free vibration mode for each forcing frequency analyzed.

The sound power for each structural vibration mode is summed and printed as a function of fore-

ing frequency.

6.11. DEBUG [NFO, FILE60 (NTDBG)

Many debug statements exist in the code. Most are commented out or bypassed in some

way. This file contained the printout from those statements and would contain the debug print-

out if these statements are reactivated.

6.12. ICAN RESULTS / INTERPOLATED STRESS, FILE61 (NT61)

This is the output f'tle from the ICAN program when an ICAN micromechanics analysis

is requested as described in Section XI. 1. of the input sheets (variable ICAN = 1, 2,-1, or-10).

It is the same as described in the ICAN User Manual, which is included as an appendix to this

manual, with the exception that the location on the model for which the analysis was performed
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is listedat thebeginningof eachresultssummary.The locationat which a microanalysisis to be

doneis specifiedasdescribedin SectionXXV. of the input sheets.

If a crosssectioninterpolationonly is requested (variable ICAN = 3 or 4), this file con-

tains the interpolated stresses in each ply at the cross section location specified in Section XXV.

of the input sheets. The stresses are obtained by interpolating strains from the integration points

of each element contained in the cross section to the upper, middle, and lower surfaces of each

ply at the cross section Iocation, then calculating the stress using the material constitutive matrix

for the ply material. Interlaminar shear stresses (SIG23 and SIG31) are calculated from equilib-

rium equations.

6.13. INTERPOLATED CROSS SECTION STRAIN, FILE62 (NT62)

This file is printed if a cross section interpolation is requested by the input variable

ICAN on the load case control line, as described in Section XI. 1. of the input sheets. This file

contains strains at each layer upper, middle, and lower surfaces through the cross section. These

values are interpolated from the integration point strain results of each ply within an element us-

ing a Lagrange polynomial approach. The strains can be requested in either the global or materi-

al axis system.

6.14. RAX VIBRATION RESULTS, FILE68 (NFPD)

This file is used in the modeshape slope calculations. It contains nodal masses and re-

suiting natural frequencies and mode shapes. Only the last load case with vibration analysis is

contained on this file as it is rewound before writing.

6.15. SIESTA VIBRATION MODE SHAPES, FILE69 (NT69)

This file contains the natural frequencies and normalized mode shapes in the form for

use with the postprocessing portion of the SIESTA computer program. This form is fairly gener-

ic and can easily be adapted for use in many postprocessing programs. The results for all modes

for every load case that performed a vibration analysis will be contained on this file.
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6.16. GENERAL TAILORING RESULTS,FILE76 (I6I)

This file containsthegenericresultsof atailoring analysis. Thevariablesarenot identi-

fied asto whattheyactuallyrepresentin thephysicalstructure; it is thedirectoutput from the

COPES/ CONMIN program itself.

6.17. SPECIFIC TAILORING RESULTS, FILE93 (93)

This file contains the tailoring results with the variables identified. This is an analysis

specific printout. The specific subroutines which are called to fill the tailoring variables from

the finite element solution write to this file.

6.18. SCRATCH FILES

Many scratch files are used in CSTEM, most of which are not of real interest to the user.

They contain information and results of intermediate calculations that are necessary to perform

the requested type of analysis. A complete listing of the CSTEM file structure is contained in

Appendix 1. There are a few of these scratch files that can be mused in certain cases to reduce

the amount of computation necessary to perform an analysis.

6.18.1. Element Stiffness and Integration Point Data, FILE7, FILE22, FILE42

The files, NT7 and NT22, (and sometimes NT42 for very large jobs) can be used togeth-

er to eliminate calculation of element stiffnesses and integration point quantifies (such as the ma-

terial matrix and the strain displacement matrix) in cases when the stiffness either does not

change at all or, as in the case of a large displacement analysis, the stiffness is initially the same

as in a previously performed analysis. Things that would change the stiffness such that this

could not be done include changes in geometry, temperature, material properties, and integration

order. The use of these files is indicated through the variable KSAVE, described in Section V. 1.

of the input sheets. The manner in which these files are saved, and also how they are input to a

subsequent run, is through the use of JCL. After execution of the program, these files should be

made permanent so that they can be used later. Note that on a CRAY, these scratch files may
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havebeenwritten to SSDor someothermediathat mayrequirecopying thefiles to disk, then

savingthem. On asubsequentrun, theyshouldbemadelocal to thejob with file namesFILE7

andFILE22 (andFILE42 if thespill file wasused).

6.18.2. IntegrationPointConstitutiveData,FILE8

File NT8 can be used by the micromechanics portion of CSTEM to do further process-

ing after a previous structural finite element analysis that generated the file. This can be done by

indicating the number of load cases (NLC) as a negative value and attaching the previously

saved integration point constitutive file as FILE8 using the JCL controlling the run. The types of

further analysis performed might include interpolation of stresses and strains to various different

cross sections in either global or material systems.

6.19. PA_ RESULTS FILES

ASCII PATRAN results f'fles can be output if so indicated by the variable IPAT. These

files can be used to display results in PATRAN, given that a PATRAN description of the model

geometry exists. Multiple load case results are handled by generating multiple f'des. The exis-

tence of any files with the generic name is checked. If any exist, a number is appended to the

generic filename until a unique filename.appendix combination is found. Thus, a file with the

generic name is the fast file (presumably the first load case) with subsequent fries created as

NAME.2, NAME.3, etc.

6.19.1. Displacement Results File, PATRANDISP

This file contains nodal displacement information in the form of node number and glob-

al displacements for each degree of freedom for the node. Only the three translation degrees of

freedom are printed.

6.19.2. Nodal Temperature Results File, PATRANTEMP

This nodal results file contains nodal temperature information in the form of node num-

ber and temperature. Temperatures are input temperatures for structural only analyses or ealcu-
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latednodal temperaturesfor heattransferanalyses.A temperaturefile is created for each struc-

tural load case or at the end of each heat transfer load case.

6.19.3. Nodal Results File, PATNDRES

This nodal results file contains averaged nodal stresses in the form of node number, ef-

fective stress, and six stress components in the order Oxx, ayy, Ozz, "rxy, "_yz, and Xzx. Therefore,

column 1 is effective stress, column 2 is Oxx (or a11), column 3 is Gyp etc. to column 7 is Xzx.

Nodal strains are on the same file in columns 8 through 14 in the order effective strain followed

by the components exx, _yy, Ezz, Exy, Eyz, and 8zx.

A nodal stress and strain results f'de is generated for homogeneous (unlayered) models

only. The reference frame for nodal stresses and strains is as indicated by the variable IPOUT of

Section XI. 1. Nodal averages are unweighted averages. Stress and strain results at element in-

tegration points are extrapolated to the nodes connected to the element using Lagrange interpo-

lating polynomials. The accumulated stresses and strains for each node are then averaged by the

number of elements to which each node is connected.

6.19.4. Element Stress Results File, PATELSIG

This element results file contains stresses calculated at element centroids for unlayered

elements or at the centroid of each layer within an element for layered elements. The reference

frame for element stresses is indicated by the variable IPOUT as described in Section XI. 1. of

the input sheets. The stresses contained in this file can be used in conjunction with the trans-

formations contained on the Element Coordinate System file (PATRANCRD) to display element

vector/tensor plots. Note that in PATRAN, it is the responsibility of the user to match the layer

transformation on the Element Coordinate System file to the appropriate columns of the Element

Stress Results file. The Element Stress Results file for layered elements contains all six stress

components for each layer in sequence starting with layer 1, which is at the negative end of the

element stacking axis. Thus, stresses in layer 1 of an element are in columns 1-6 in the order

o11,022, 033, r12,1;23, and x31, with layer 2 in columns 7-12, layer 3 in columns 13-18, etc.
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6.19.5. Element Coordinate System File, PATRANCRD

This file contains transformations orienting the material coordinate system of each layer

within an element to the global coordinate system. This t'de is used in conjunction with the Ele-

ment Stress Results file (PATELSIG) to display element vector/tensor plots. The transformations

contained on this file are numbered layer by layer, with layer 1 beginning at the negative end of

the element stacking axis.

6.19.6. Modeshape Displacement Files, PATFREQ and PATBUCK

Modeshapes are contained in PATRAN displacement results files, one file for each

mode. The vibration modeshapes are written to files PATFREQn where n is a mode number.

The buckling modeshapes are written to files PATBUCKn where n is the buckling mode number.

6.19.7. Damage Parameter File, PATDAMGP

Damage parameters for the CMCUMAT damage mechanics model are contained in a

PATRAN element results file called PATDAMGP. The Damage Parameter file for layered ele-

ments contains all damage parameters for each layer in sequence starting with layer 1, which is

at the negative end of the element stacking axis. The damage parameters consist of 4 matrix

damage parameters and 2 fiber damage parameters. Since the CMCUMAT model pertains to

woven materials, damage is quantitfied in 2 directions and 2 layers. The Din00 parameters are

matrix damage parameters for a unidirectional layer oriented in the material 1 direction and the

Df00 parameter is a fiber damage parameter for a unidirectional layer oriented in the material 1

direction. The Din90 parameters are matrix damage parameters for a unidirectional layer ori-

ented in the material 2 direction and the DI90 parameter is a fiber damage parameter for a unidi-

rectional layer oriented in the material 2 direction. The matrix damage parameters for each layer

have components in both the material 1 (0) and material 2 (90) direction. The order of the pa-

rameters on the PATDAMGP file are Dm00(1), Din00(2), Dr00, Dm90(l), Dm90(2), Dig0.
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NT1

NT2

NT3

NT4

NTIN

NTOUT

NT7

NT8

NT9

NT10

NTll

NT12

NT13

NT14

NT16

NT17

NT18

NT19

NT20

NT20

NT21

NT22

NT22

NT23

CSTEM FILE DESCRIPTION

DESCRIPTION

INPUT ECHO WITH HEADINGS

USER'S INPUT DECK

UNMODIFIED GLOBAL STIFF

PRINTED OUTPUT

SYSTEM INPUT

SYSTEM OUTPUT

ELEMENTAL STIFFNESS

INT PT CONSTITUTIVE DATA

NODE DATA

ELEMENT DATA

TRANSFORMATION MATRICES

OUTPUT RESTART FILE

CONSTRAINT EQN STORAGE

INPUT RESTART FILE

ASSEM'D NONLIN. STIFFNESS

MODIFIED ORIG. STIFFNESS

RESTART USER DATA FILE48

SAVED ELEMENTAL STIFFNESS

LAYER ORIENTATIONS

MATERIAL LAYER INFO

ELEMENT PRESSURE DATA

PREGENERATED GEOMETRY

ELEMENTAL FORCES (6)

ELEMENT EQUATION NUMBERS

ELEMENT LUMPED MASS

PREGENERATED TRANSFORMS

PREGENERATED LAYER INFO

INT POINT STRESS RECOVERY

FORCES (5)

DISPLACEMENTS (2)

LUMPED MASS

STATUS TYPE ACCESS

PO SA -

IP SA -

SC SB -

PO SA -

IP SA -

PO SA -

SC RA STll:rIO

SC RA CMODIO

SC RA NODEIO

ELEMIO

TRANIO

RR SA

SC RA CSTIO

IP SA -

SC SB -

SC SB -

IP SA REUSER

RR RA -

PO SA -

SC RA LAYIO

SC RA PRESIO

IP/C SA .

SC RA ELFOIO

SC RA ELEQIO

SC RA LMSIO

IP/C SA -

IP/C SA -

SC RA STREIO

SC. RA FORCIO

SC RA DISPIO

SC RA MASSIO

OPEN

INIT1

INIT1

OPSTIF

IN1TI

OPELEM

OPGEOM

OPFILE

OPGEOM

INIT1

OPSTIF

OPSTIF

OPREDU

OPELEM

OPELEM

OPGEOM

RDGEOM

OPELEM

RDGEOM

RDGEOM

OPELEM

OPDISP
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NAME

NT24

NTHYD

(26)

NTBANK

(27)

NSTF

(28)

NRED

(29)

NT30

NT31

NT32

NT33

NT34

NT35

NT37

NT42

NT43

NT44

NT45

NT46

NT47

NT48

NT49

NTABS

(50)

NT51

NT52

NT53

DESCRIPTION

MATERIAL DATA

INHYD DATA FILE

ICAN DATA BANK

MODIFIED GLOBAL STIFF

DECOMPOSED STIFFNESS

HEAT TRANSFER TEMP. DATA

HEAT TRANSFER OUTPUT

HEAT TRANSFER INPUT DECK

HEAT TRANSFER RESTART

H.T. ELEMENT FACE B.C.s

H.T.B.C. DATA SETS

H.T OUTPUT RESTART FILE

SPILL FILE

( FOR INT PT FILE NT22 )
LAYER GENERATION

MESH GENERATOR INPUT

(TIMESHARE ONLY)

X-SECTION LAYUP STORAGE

MODESHAPE STRESS/STRAIN

USER MATERIAL DATA FILE

USER CONSTITUTIVE DATA FILE SC

AVG NODAL STRESS/STRAIN

EM ABSORPTIVITY DATA BANK

ABSORPTIVITY OUTPUT

ABSORPTIVITY INPUT DECK

SURFACE FACES AND NODES

STATUS TYPE

SC RA bIDATIO

SC SA -

IP SA BANKRD

SC SB -

SC RA -

SC RA TEMPX

PO SA -

IP SA -

IP SA

SC RA ELEMBC

SC RA BCDATA

PO SA

SC RA STREIO

SC/C SA -

IP SA -

SC SB -

PO SA SIGMOD

SC RA UbIATIO

RA HOOKIO

SC RA ADDSIG/AVGN

IP SA -

PO SA -

IP SA -

SC SA -

AI-3

OPEN

OPFILE

RDCAN

RDCAN

OPSTIF

OPSTIF

OPHEAT

OPEMH

(HINP1)

OPEMH

(HINP1)

JCL

OPHEAT

OPHEAT

JCL

OPELEM

RADII

RADMAN

LAYUP

OPMODE

OPUMAT

OPUMAT

OPAVG

ABINPI

OPEMI-I

(ABn_D

OPEMH

(ABINP1)

OPEMH

(FNDSUR)



NAME DESCRIPTION STATUS TYPE ACCESS OPEN

INSND

(54)

ISCRA

(55)

ISCRB

(56)

ACOUSTIC INPUT DECK

ACOUSTIC WORK FILE A

ACOUSTIC WORK FILE B

IP SA SNDINP

SC SB -.

SC SB

NTMODE MODAL DISPL AND FREQ SC
(57)

NTSRF SURFACE ELEMENTS SC

(58)

NOSND ACOUSTIC PRINTED OUTPUT PO

(59)

NTDBG DEBUG PO

(60)

NT61 ICAN OUTPUT PO

NT62 X---SEC INTERP STRESS-STRAIN PO

CONSISTENT MASS WORK FILE

DET. SEARCH WORK FILE

(EIGENVECTORS)

SUBSPACE ITER. WORK FILE SC

(STIFFNESS)

EIG. ANALYSIS DETAIL PRINT PO

CONSISTENT MASS FILE

RA MODEIO

SB REMCOM

SA SNDPWR

SA

NT63

NTE1

(64)

NTE2

(65)

IOUT

(66)

NMSS

(67)

NT68

NT69

PLY.UOF

(69)

SA

SA

SC SB

SC SB

SB

SA

SC SB

COMPSC

RAX FILE PO

SIESTA MODE SHAPE FILE PO

SIESTA PLY UOF FILE PO

SA WRMOD

SA WRMOD

SA

OPSND

OPSND

OPSND

OPMODE

OPSND

OPSND

INIT

OPEM/-I

(¢ANMAN)

OPEMH

(CANMAN)

OPEIG

OPEIG

OPEIG

OPEIG

OPSTIF

OPEIG

OPEIG

CANMAN
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NAME DESCRIPTION STATUS TYPE ACCESS OPEN

I5I

(75)

I6I

(76)

ISCRI

(77)

ISCR2

(78)

SLOP

(91)

93

95-99

TAILORING INPUT FILE IP SA

GENERAL TAILORING OUTPUT PO SA

TAILORING SCRATCH FILE SC SA

TAILORING SCRATCH FILE SC SB

MODESHAPE SLOPE INPUT IP SA

SPECIFIC TAILORING OUTPUT PO SA

PATRAN OUTPUT FILES PO SA

TYPE:

SA = SEQUENTIAL ASCII

SB = SEQ BINARY

RA = RANDOM ACCESS

JCL

JCL

- JCL

JCL

WRMOD

JCL

OPAT

STATUS:

IP = INPUT

PO = PRINTED OUTPUT

RR = KEEP FOR RESTART

SC = SCRATCH

/C = CLOSED AFTER USE
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ABSTRACT

This report discusses a computer program which was developed to compute the reflection

and transmission coefficients of multilayer plane boundaries. The layers may have arbitrary

dielectric and magnetic properties; the only restriction is that these properties be homogeneous and

isotropic. The reflection and transmission coefficients are computed for arbitrary incidence angle

and for the boundary terminated in both free space and in a short circuit. The coefficients are

computed for two orthogonal incident signal polarizations (electric field perpendicular and parallel

to the plane of incidence).

This abstract is subject to special export controls and each transmittal to foreign

governments or foreign nationals may be made only with prior approval of the Air Force Avionics

Laboratory (AVWE), Wright-Patterson Air Force Base, Ohio.
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INTRODUCTION

This report discusses a computer program which was developed for studying the

electromagnetic wave transmission and reflection properties of radome type materials. The

developed program permits prediction of the complex transmission and reflection coefficients of a

uniform plane wave from a plane boundary. The boundary may consist of a finite number of layers

of arbitrary thickness and arbitrary dielectric and magnetic properties. The only restriction is that

the dielectric and magnetic properties must be homogeneous and isotropic within individual layers.

Features such as arbitrary angle of incidence and frequency are also provided. For each boundary

configuration and incident signal configuration, the following three calculations are performed for

two orthogonal signal polarizations (electric vector perpendicular and parallel to the plane of

incidence); transmission and reflection coefficients with boundary terminated in free space and

reflection coefficients with boundary terminated in a short circuit.

The program is well suited for studying a wide variety of boundary scattering problems.

The program may be used for computing the reflection and transmission of multilayer structures in

coaxial transmission lines or wave guides by a suitable interpretation of the angle of incidence.

Note that this copy of this report has been modified slightly for use in the CSTEM User's

Manual. The original report is Technical Report AFAL_TR--67-I91, and was obtained from the

Defense Technical Information Center.
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THEORY

A wave matrix formulation was selected for this program because the approach is

straightforward and yields a method of solution which can be modified easily to treat many types of

problems. An excellent discussion of this formulation may be found in the book Field Theory of

Guided Waves. by Robert E. Collin, published in 1960 by McGraw-Hill Book Co.

Consider an electromagnetic wave incident at an angle 0 i on the plane boundary between

two media of different dielectric and magnetic properties as shown in Figure X 1.1. The incident

wave is polarized with the electric field intensity oriented perpendicular to the plane of incidence.

The plane of incidence is defined by the normal n to the boundary and the direction of propagation

Z of the incident wave. The medium on the left of the boundary is free space, and the medium on

the right is a homogeneous isotropic material whose relative permittivity is Ke, and the relative

permeability is Km where

Km -

/z

,Uo

_0

E/e0

_/_o

= complex permeability of medium

= permeability of free space

= complex permittivity of medium

= permittivity of free space

The incident field is given by

where

Ex "" e-jksub0z . Hy -- k°e-jkoz
, _t0to

k 0 = to _ - 2.._ = free space wave number

20 = wavelength of incident wave in free space

(I.)

Now expressing the incident wave components in the v, u, x coordinates, we have

y --- vcos0 i + usin0 i

z -- -vsin0 i + ucos0 i

X -- X

so that

Ex = exp[-jko(- v sin e, + u cos co] (2.)
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ko, Zo k,Z

Z

n

kl

Ex, y

Hy

FIGURE X 1.1 Boundary Between Free Space and Medium With

Relative Permittivity IQ and Relative Permeability Km

To find _ we take the curl of ]g in the new coordinates

V x]g = -jcO_toI_

jcO_toHu - jk o sin 0iE x (3.)

j_t0Hy = jk 0 cos 0iE x

Za = E..._x = /_Osec0 i (4.)

I

Hy V

where Za is the wave impedance of free space in a direction normal to the boundary. When the

wave passes through the boundary surface, it is bent or refracted at an angle 0r to the boundary

normal. With respect to the v, u, x coordinate system, the form of the wave wiU be the same as in

air (Equation 4.) except for replacing _o by IQ_ 0 , go by K-m_o, 0i by 0r, and k0 by k, where

k = ¢rKeKmk 0 (5.)

= wave number in material

In order that the tangential components of the fields match on the boundary, it is

necessary that the variation of the field in the V direction be the same on both sides of the
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boundary. This requires that

kosin0 i = ko_sin0r (6.)

The wave impedance on the right side of the boundary may now be written for perpendicular

polarization by analogy with the preceding free space expression, Equation 4.

_oKm

Zb z _/'_ See 0r
(7.)

If we now normalize Zb with respect to the free space impedance Za, we have

zb VX'7 -sec0r = K/ mSeC0r
Z = Z-"a "- _ secO i _ "_'_0i

(8.)

From the tangential boundary conditions, we have from Equation 6.

sin 0 i
sin0r =

 4L-R-Lm

sec Or =

sec Or

_/1 - sin2er

1

_/KmKc - sin 20 i
(9.)

Therefore,

Z = KK_m Keq/-K-_ cos 0 i -. Km COS 0 i

VKo_/KeKm - sin 20 i _/KeKm - sin 20 i
(io.)
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The propagation factor in and normal to the boundary is given by

dp = k 0 _ cos Or = KeKm - sin 2 O i (11.)

We may deduce the impedance and propagation expressions appropriate to parallel

polarization by application of Babinet's principle to the preceding results. This is accomplished by

the transformation (primed quantities will refer to parallel polarization)

g' = V/_

_' = -V/'_E (12.)

so that on the right side of the boundary

/ K_° g
H' = -VKmg.o

i_' _/ K_oE"

Then

Za' -- - /_-_°cosO i
V eo

Zb' -" - /_cos Or
V

so that

Z' 2_
= O--_'ufKcKm -- sin2Oi

(13.)
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The propagation factor for parallel polarization is the same as that for perpendicular polarization.

Therefore,

q)' - _002_v/KeKm _ sin 2 0i

The next step in this development is to consider a chain matrix formulation for the

reflection and transmission of waves from plane boundaries. We will define the coefficients in the

chain formulation in terms of the propagation factor and characteristic or wave impedances

developed above.

According to Collin, consider the plane discontinuity interface shown in Figure XI.2.

We have two TEM (transverse electric mode) waves el and b2 approaching the boundary from left

and right, respectively. A portion of cl passes through the interface (T12cl) into medium 2 and a

portion of cl is reflected back into medium 1 (Rio1). Similarly on the other side of the boundary, a

portion of b2 passes through the boundary (T21b2) and a portion is reflected (R2b2). Let bl

represent the sum of the wave components traveling away from the boundary in medium 1 and let

c2 represent the sum of the wave components traveling away from the boundary in medium 2.
Then

b I = T21b 2 + Rio 1

c 2 = Tl2C 1 + R2b 2

(14.)

bl

MEDIUM 1

Cl

f T21b2
RIC l

v

MEDIUM 2

L
w

b2

Tl2Cl

R2b2

z

e2

z=0

FIGURE X 1.2 Plane Discontinuity Interface Showing
Notation for Chain Matrix Formulation
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Rearranging we find

(TI2T21- RIR2)b2 + (T_22)c2b 1 = T1 2

Cl

(i5.)

Expressing these two equations in matrix form, we have

FA,,A.lrc l (16.)

where

o,[ IAll : _2 b==0 = _TI 2

Cl I -- R 2A12 -- b2 c2=° = TI 2

bil RlA21 - _2 b2=0 = _TI2

(17.)

b_2 1 T12T21 - R1R2A22 -- c2=0 = T12
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If we now define R 1, R2, T12, T2 in terms of the characteristic impedances of medium 1 and

medium 2 (Z1 and Z2, respectively) we have

R l - Z2 - Z 1
Z2 + Z1 ; TI2 = 1 + R 1

Z l - Z 2

R 2 = Z1 + Z2 ; T21 = 1 + R 2

(18.)

where Z 1 and Z 2 are defined in either Equation 10. or 13. for perpendicular and parallel

polarization, respectively. Then

and

R 1 = _ R 2

TI2T21 - RlR 2 _ 1

(19.)

To apply this notation to a multilayered boundary, we need to find a relationship which

describes the manner in which the wave is attenuated and phase-shifted as it passes through an

individual layer. Such a relationship is provided by the expressions

or expressed in matrix form

cl = exP (i_) C2

b I = exp(-j_l)b2

(20.)

bl = e -jclxi b2 (21.)

where d is the distance between the planes where cl, bl, and c2, b2 are evaluated. The quantity ¢_

is the complex propagation factor developed earlier for arbitrary angle of incidence (Equation 11.).
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Cl c2mlim

d
,gl..-------Imm

K_,K_

Z,0

C3

FIGURE X1.3 Two Layer Impedance Boundary

We may now use this notation to describe the reflection and transmission properties of a

two layer plane impedance boundary as shown in Figure X1.3. The fu'st layer has a thickness d

and is made of a material with complex permittivity Ke and complex permeability Kin. The

characteristic impedance and propagation factor of the first layer are Z and _, respectively. From

the preceding, we may express the relationship between cb bl and c2, t>2as

bl = T_" RI I J[O o-_,.j[bq

(22.)

or

[:,:]=,r,,,,, (23.)

If we have a three layer boundary, then C2, b 2 would similarly be related to c3, b3 so that

we have (Figure X 1.4 ) for an n layer boundary

Cl] rl 1 [ ejOidib, = _:,T"[_ LRie*'d'
(24.)
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Cl

bl

C2

Z 1

01
di

Z2

4>2
d2

Cn Cn+l

+1

Zn

4>.
dn

FIGURE X1.4 N Layer Impedance Boundary

When the medium behind the boundary has a characteristic impedance Zn+l (normalized

to free space), we may express the scattering matrix for the entire boundary as

[c} r:d
with 0n+ 1 "- 0. It is necessary to set 0n+ i = 0

appropriate relationship for a simple plane boundary is

Rie -J_idil Fen +21

e-J+_ Jtbn+_J

because (as discussed earlier) the

(25.)_

[:°+:] ,[, R°+,lr:.+:lbn+ = Tn+i Rn+I 1 jLb.+2j
(26.)

The matrix resulting from the n+l multiplications may be expressed as

[c,]rA,,A:,-ir:.+:1
bl = LA12A22JLbn+2 j

(27.)
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To find the front face reflection coefficient RT of the boundary, we simply take the ratio of b l to c l

with bn÷2 = 0

bl[ A21RT = _11 b.._=O _-- _A11 (28.)

To find the transmission coefficient TT for the boundary, we take the ratio of Cn+2 to ct with bn+2

=0 or

TT = cn+2lb.÷2=o = I_!_ (29.)
Cl [ All

To find the front face reflection coefficient with the n+ 1 medium a perfect conductor, we must alter

slightly the preceding formulation as Tn+l =0 which makes the expression indeterminate. This

difficulty may be circumvented by considering the boundary as being composed of n-1 layers and

the medium behind the boundary as having a normalized characteristic impedance Z¢ where (from

transmission line equations)

Ze = Z. tanla(j_ndn) (30.)

=

The calculation proceeds just as before except that now only n matrices are multiplied and ¢n is set

equal to 0.

In summary, to compute the reflection and transmission properties of an arbitrary n layer

plane impedance boundary at incidence angle O, we ftrst form and compute

bl = i--1

(31.)

A2-14



from which

R T =

[All A21][ cn+2]

= [.A12 A22jLb"+2 j

A21 I
; T T -

All All

(32.)

where we have for TE mode incidence (incident electric vector perpendicular to plane of incidence)

and TM or transverse magnetic mode incidence (incident electric vector parallel to plane of

incidence)

TE TM

2 oj@i = Km_Kei - sin 2 0 same (33.)

_°

Zi - Zi- l same (34.)
R i --

Zi + Zi-l

Kmi cos O _/KmiKe, - sin 2 e

zi = v/KmiKei - sin 20 (35.) Zi = Ke, cos0 (36.)
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WAVE-GUIDE CALCULATIONS

It is interesting to note the similarity between the preceding equations describing

reflection and transmission of waves in free space and the corresponding equations for wave

guides. For instance, if we set the angle of incidence 0 equal to zero, the preceding equations are

identical to those for coaxial wave guide. To make these equations appropriate to the transverse

electric TEn. m and transverse magnetic TMn, m modes in rectangular wave guide, we must define

the angle of incidence 0 so that

sin 0 = k°

_Cn.m

where

kc..,= guide cutoff wavelength for mode n,m

Similarly, for cylindrical wave guide, we def'me 0 so that

sin 0 _'0Pn,m for TMn,m modes
2_a

_.OP'n,m
sin 0 = for TEn.m modes2_a

where

a = radius of wave guide

Pn,m - m th root of the Bessel function Jn(k¢ a) =0

P'n,m = m th root of the derivative d[Jn(ker)]l rffia ---. 0
dr

kc = kc,.. =cutoff wave number

kcu = Pn,m for TMn,ra modesa

pt n,ln

kc... - a for TEn,m modes
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COMPUTER PROGRAM

Equations 33. through 36. have been programmed in Fortran IV language for soultion by

a digital computer. The program computes the power reflection and transmission coefficients for a

plane boundary consisting of a finite number of distinct layers. The individual layers may have

arbitrary values of complex permittivity and permeability and may be of any thickness. The

medium in front of the boundary is assumed to be free space. Calculations are performed for the

cases where the medium behind the boundary is either free space or of infinite conductivity (short

circuit). The following quantifies are computed and printed in the output: RTE, TIE, RTM, TIM,

RSCTE, and RSCTM where

RTE = TE mode power reflection coefficient with free space behind boundary

TTE = TE mode power transmission coefficient with free space behind boundary

RTM = TM mode power reflection coefficient with free space behind boundary

TIM = TM mode power transmission coefficient with free space behind boundary

RSCTE = TE mode power reflection coefficient with a short circuit behind boundary

RSCTM = TM mode power reflection coefficient with a short circuit behind boundary

In the printout, all of these quantities are expressed in db (decibels) less than unity. That

is

a-- 201og(-IaTI ) (37.)

T "- 201og(--ITTI ) (38.)

where the logarithm is to base 10 and IRTI and ITTI are the modulus of the quantities RT and TT

described in Equation 32. If RT or TT is computed to be 0, then the output R or T is set to -1035.

The output also shows the frequency for which the calculations are made, the incidence

angle, and the thickness of individual layers.

The computer program essentially forms and computes Equations 3 I. and 32. four times

for each frequency and aspect angle: 'rE and TM modes for air and short circuit terminations. The

matrices of Equation 31. for short circuit and air backed computation (for the respective modes)

differ only in the last two terms as explained previously.

Although only the absolute values of power reflection and transmission coefficients are

printed out, the real and imaginary parts could just as well have been chosen. The changes required

to select a different output scheme are quite minimal. Also, when the boundary is illuminated on

the opposite side, its reflection and transmission properties can be easily examined by simply

inverting the resultant 2 by 2 matrices. This latter matrix would then be treated just as the former

except that the results would be appropriate to incidence on the opposite side of the boundary.

There is a limit on the number of layers that can be handled. This limit is the parameter

MAXLCS, which is based on the values of two other parameters, LAYMX and NEMAX. The
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limit is the number of layers contained in a cross section made up of a tenth of the maximum

allowable number of elements (NEMAX) in which each element had the maximum allowable

number of layers (LAYMX).

SAMPLE CALCULATION

The results of a three layer problem illuminated by a 1000 MHz wave at incidence angles

of 0 and 60 degrees is shown.

Front layer

Middle layer

Back layer

The answers for this calculation are as follows:

RTE

TTE

RTM

TTM

RSCTE

RSCTM

Each of the layers is 1 cm thick with the following properties:

KE(1) - (i.0, --0.5); KM(1) - (I.0, 0.0)

KE(2) -- (2.0, -1.0); KM(2) - (1.0, 0.0)

KE(3) - (5.0,-2.5); KM(3) = (1.0, 0.0)

Incident Angle

7.1864 3.9207

3.2960 6.0755

7.1864 18.9779

3.2960 2.7366

1.1104 0.5862

1.11 04 3.2879
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SYMBOLS USED IN THE PROGRAM

A = IRTI of Equation 28. for TE mode

B = IRTI of Equation 28. for TM mode

BETA(I) = O, incidence angle, degrees

C - IRTI of Equation 28. for TE mode (short circuit calculation)

CEfLI,M) = Aij of Equation 32. for TIE mode

CES(LI,M) = Aij of Equation 32. for TE mode (short circuit calculation)

CM(LI,M) = Aij of Equation 32. for TM mode

CMS(LI,M) = Aij of Equation 32. for TM mode (short circuit calculation)

D(I) = thickness of later I, cm

E = IRTI of Equation 28. for TM mode (short circuit calculation)

EMI = ratio of bl to b2 in Equation 20.

EPI = ratio of cl to c2 in Equation 20.

F = frequency, MHz

K(J) = K_ix K_

KM(I) = Kmi

N -" number of layers

NB -- number of incidence angles

NF = number of frequencies

OLAM = free space wavelength in cm

PHI(J) -- Oi (of Equation 33.) times d i

RE = RTE

RESC = RSCTE

RM = RTM

RMSC = RSCTM

RTE(J) = R i (Equation 34.) for TE mode

RTESC = Ri (Equation 34.) for TIE mode (short circuit)

RTM(J) = R i (Equation 34.) for TM mode

RTMSC = Ri (Equation 34.) for TM mode (short circui0

TANN = ratio of Z¢ to Zn in Equation 30.

TE = TTE

TEZ -- Zi of Equation 35.

TEZSC = Zi of Equation 35. (short circuit)

TI-IETA(L) = incidence angle in radians

TM = TTM

TMZ = Zi, Equation 36.

TMZSC = Zi, Equation 36. (short circuit)
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Summary

This manual describes the use of and relevant equations proli_mmed in a computer code desilpted
to carry out a comprehensive linear analysis of muitilayered fiber composites. The analysis conudm
the ess_tial features required to effectively design structural compona_ made from fiber
composites. The prouam is an outiprowth of two in-house computer codes, MFCA 0vfultilsyazd

Filamentary Composite An_)sis) and INHYD (Intrsply Hybrid Composite I)esilpt). The inputs to
the code are constituent material properties, factors reflecting the fabrication process, and composite
geometry. The code performs micromechanics, mscfomechanics, and inmiMte mud)sis, including
the hy_otherm_ response of fiber composites. The code outputs m the vm'tous ply and composite
properties, composite structural response, and composite stress mud)sis results with details on
failure. The code is in Fortran IV and can be used efficiently as a pecir,sp in complex structural

analysisproiprams."_e input-outputformat is describedextensively throughthe use of a sample
problem.The codemanual consistsof two pans.The mechanicsfor_ thecodearedescribedin

the firstpart,thepertinentequationsprolp_munedinthecode aredacr/bed inthesecondpmst.

Introduction

The imporumce of and need for a multilevel analysis used for dedsniq structural components
made of multilayered fiber composites are documented in reference 1. A multilevel snal)sis, which
was efficient in predicting the structural response of multilayaed fiber composites (with the
constituent material properties, the fabrication process,and the composke geometry known), is
documented in reference 1.

The multilayered analysis presentedin reference ! consists of (1) micromecha_ical theories for the
thermoelastic properties and the stress-levellimit of the singleply as functions of constituent material
properties and the particular fabrication process, (2) the combined stress-stre_Dh criterion for the
single ply, and (3) multilayered composite structural response and analysis (maeromechanical or.
laminate analyses), where the interply layer effects are taken into account. A computer codedesigned
to carry out this multilevel anal)sis, supplementedas noted by references 2 to 10, has beendeveloped
at the Lewis ResearchCenter.This code isidentifiedas MFCA for MultilayeredFilamentary
CompositeAnalysis(ref.II).

Intraplyhybridcompositesarea logicalsequeltoconventionaland interplyhybridcomposites,
Recently, theoretical and experimental investigations have been conducted on the mechanical

behavior of intraply hybrids at the Lewis Research Center (refs. 12 to 14). The theoretical methods

and equationsdescribedinthesereferences,togetherwiththoseforhylProthermMeffects(ref.I$),

havebeenintegratedintoacomputercode forpredictinghygral,thermal,and mechan/calproperties

ofintrapiyhybridcomposites.Thisinformation_ thenbeuse_din*_ign/nl_thesecomposites.This

codeisidentifiedas INHYD forIntraplyHybridComposite Desilpt(refs,16and 17).

The presentcomputercodeisa syneripsticcombinationoftheaforementionedcomputer prolprams
MFCA and INHYD tosether with several significant enhancements. The code is referred to as ICAN

for Integrated Composite Analyzer. It utilizes the micromechanical design of INHYD and the

laminate analysis of MFCA to build a comprehensive analysis capability for structural composites.
Additionalfeaturesuniqueto ICAN arethefollowing:
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(1) Ply stress-strain influence coefficients

(2) Microstresses and microstress influence coefficients
(3) Suess concentration factors around a circular hole
(4) Calculation of probable delamination locations around a circular hole
(5) Poisson's ratio mismatch details near a straight free edge
(6) Fres-edge stresses
(7) Material cards for finite.clement analysis using NASTRAN or MARC
(8) Failure loads, summary based on the maximum su'ess_ and laminate failure stressa,

and summary based on first-ply failure and fiber breskap criteria
(9) Transverse shear stressesand normal stresses

In addition to the above, ICAN has its own data base of _nam_al properties for common_/used
fibers and matrices. The user needs to specify only the coded names for the coastkumu. The

prof_un searches and selects the approprim_ properties from ks h'brmT. Funhamm_, input data
preparation has been simplified substantially by me inuodu_on of a pgrtiafl free-field format. The

output formms have also been improved significantly to ease userisste_xetmioa of the remits. These
enhancementsmake ICAN sisn_candy more user friendly than ks predecessors.The compuur code
has been programmed in Fortran IV and has beea tested in UNIVAC 110t, IBbl 370, and CRAY 1

computeTs.
Sincethisreportistoserveasa _ manual,thecodeisdividedintotwo IXmS,theusen manual.

and the programmers manual. The Users Manual describes the mechanics of using the code with
respect to prol_un format, input and output, and sample inpm data m. "l'nz descfisxiom aru
extensive moush sc that even designm and analysts with little or no _ expes'ien_ caa
easily use the code.

The programmers manual givesthe various subroutine descriptions and the equmio_ prOllrammed
therein, with details on the input and output and the global storal_ iocutiom. This, along with the
listing of the source program, allows the user to make his own modifications to the code as they
become appropriate for further enhancements.

The Fortran variables are defined in appenclix A. Included is information suchas which partof the
program of each global variable is generated. Table I provides a summary of details for
data cards, and the input data given in table [I provide for immedU_ teszinll of the code. Properties
for a few commonly used fibers and matrix materials are listed in appendix B. Appendix C shows
sample input and output data for a specific case.

Symbols

Arc

BIDE

c=
c,!
c,2
COMSAT

CSANB

De,Dr

D_r

Dv

Elli,etc.

Et.E.

composite axial stiffness

reduced axial stiffness

boolean, true if interply effects ate inciuded

composite couplinl; stiffness

strinl with force variables

strin8 with displacement variables

boolean, true if laminate analysis is wanted

boolean, true if membrane and axial symmetry exisu

moisture diffusivity

composite fiexural rigidity

reduced b_g rigidity

displacementvector

filamentequivalentdiameter

filamentelasticconstants

fiber normal modulus

ply elastic constants
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Emi 1o_C.

_m,etc

F

Gjq 2 , etc.

Gtl2, etC.

Gml2, etc.

Hj
Hk¢

hc

ij

Kcll,c_33

Kc.¢¢, cJ_, ¢xy

K.al
Kmll

kf

k,,
kmt

k_t

L_

Mt
Mcx

McM_x

Mcr_

N=t

NcM_

Nf
Ivt

NONUDF

&

pt
Ptp
Qf._.p.,.,
R

RINDV

ply normal modulus

matrix elastic constants

matrix normal modulus

matrix failure strata allowables

combined stress-failure function

tiber shear modulus

ply shear modulus

matrix shear modulus

interplydistortionenerly coefficient

array of constituent heat ¢onduaivifies

composite heat capacity

index,generaJlyply or interply

composite three-dimension_ heat conduaivkies

composite two-dimensional heat conduaivities

fiber heat conductivity

ply heat conduaivky

matrix heat conductivity

apparent void volume ratio

actualfibervolume ratio

ply apparent fibervolume ratio

actual matrix volume ratio

ply apparent matrix volume ratio

ply apparent void volume ratio

array of limiting conditions

ply moisture

applied moment

hygral moment

thermal moment

load condition index

applied membrane loads

hygral force

thermal force

number of fibers per end

number of plies

number of load conditions

boolean; trueifdet_led Poisson'sratiodifferenceschart isto be suppressmt

strinlPROPC length .......

strin$PROP lenlBh

composite propertiesarray

strin$PROPC

ply properties array

strin$ PROP main pro_am

indices to print out string PROP

transformation matrix

boolean; true if displacements &e known
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s¢
StilT, ¢t¢,

rt
tt

Wcb

x,y,_.

¢t¢

a!

at

ot m

/3s

_v

6f
8t

6,

fc_

_t

81.Oe

Vfl 2, ¢[¢.

v/12, ¢t¢.

Pml2, ¢t¢.

Draw

ot,oj'.om

1.2,3

composite failure stress

ply limit failure stresses

ply temperature

ply thickness

composite local curvature chansu

structural reference axes

composite coefficient of thermal exptnsioa

fiber thermal coefficient of expansion

ply thermalcoefficient of expansion

matrixthe_nnalcoefficient of expansion

moisture expansioncoefficients

correlation factors for ply thcrmoelsm_ propcrt_

correlation factor for ply hem condm:tivity

moisture expansion coefficients for ply. fiber, and matrix

correlation factor for ply strength

matrix strain magnification due to ply strain in the presen_ of voids

imerfiber spacin8

intarplylay_ thickness

intcrfib_ spacing

angle between composite material and structural axes

reference plane membrane strata

ply str sln

angle between ply material and composite axes

fiber Poisson's ratio

ply Poismn's ratio

matrix Poisson's ratio

fiberand matrixweightdensity

densityof matrixwithmoisture

ply stresses, fiber stresses, and matrix stresses

material referenceaxes

Users Manual

The mechanics required to use this code for the analysis of multilayered fiber composites ate
describedin this part of the report. The theory on which the code is based is des_hed in the second
part of thereport(Prosrammers Manual).

The physical representations of the constituents used in the code are illustrated in fisure i. This
figure shows a complete integration schematic starting with the constituent materials, fiber and
matrix. The required input properties and computed properties at various levels are summarized in
symbolic form as foUows:

(1) Properties required by code as input for a fiber: Ef11.22,33; J'/IZ2J,13; OII2.22.13; ai1_,22.33;
Xfl 1,20.,]3; Hcf; _of; Nf; df; and Sf,.

(2) Properties required by code as input for a matrix: £sttt.2,_; vMI2._.13; Oft:tO.Ll3 amit.,L33;
K.,i t.".33; How; _,,,; Ss_d g,,_; _s, Od £:n,p,; and _moro.¢-

(:3) Properties required by code as input for a single ply: fiber and matrix properties and ply
characteristics_r,_n,_s,and T_
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3

Ply
orientation

X

___-_ ............... -_

(a) Fiber.
(b) Matrix.

(¢) Sinlle p4y.
(d) COmlX_te.

Filure !.--Schematicof typicalmultilayeredfiber compositelindsome_ ¢omponeml.

(4) Properties computed by code for single ply: Eft ].22J); J't12.2.1.13;Gtl2,Zl.i3; all t.22J3; Ktj 1,22J3;
Hcf; Of; tt; _t; SfllT.I1C.22T.2.2C.12.S.235; KtI2; arid stress aJl_ys_s factors enl.2.2,_2; oft 1,22.12; and
l.O- F(o,S, Knz).

(5) Properties required by code as input for a composite: ply properties and composite
characteristics 0e_,H i, Ktt_, Ncx, Mcx or Uc.r, and Wm

(6) Output computed by code for a composite: [e_l = [EeJ[ocJ + Triacj; [£cJ- I; K_=,j,v,x_. He;

LC,,a=J
and the inverse _deij.

Figure 2(a) shows the subroutines and sequence in the code. The subroutines between the Main

program and the input data may be arranged in any desired order. The user should refer to figure 2(b)
for the logic flow of the analysis.

The foUowini four steps are required to use the code in the user's computer facility:
(!) Obtain the code

(2) Make i( operational in the user's computer faciliw
(3) Supply ;he input data

(4) [merpret the code omput resui;s

Obtain the Code

The code may be obtained in cards, if this is not convenient or possible, the clu'ds can be punched

from the compiled listing (contact COSMIC, The University of Georgil, Athens, GA 30_2,
concernms the availability of this program).
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I Calcu_ mlomllls_whMCIlSTR

J Caiculm Pdssm's ratiodiHenmm. _113

Si'IlaW

mHumtoadarmysb. MSCIFL

N

'15

16

11

Mainprugr_ ICAN 12

I I .k:mmcmnlcs, .YO f

CompoSitlproperties,FIILMT
1

! "I

If-.-.--l
I Thrm-'dhwnS_lJca_Imnl 1

i 1' "

C_ stressanalysis, i ZO

COMSA J Print them lent LOGO

condibJlntIlrmllrtlu,
OANVJtO

D

U

12

D

Userlnlul. lnlulil i N

units J

Olll lll, m_OATA, DANKi 3

unltl i

Caiculmfm edgestrums.
[DGSTR

Prwrty gemnm' tar
N',IYO,II)(;£R

(a) Schematicsho_q _ and uqumm 0¢ ICAN code.

_sun 2.--Subro_tna, sequem:t,tad _ fl_ or ICAN code.

A prerecluisiteto thepros_ isthe availabilityof a Fortrancompilerinthe user'scomputer

facility. To run the proFam, certain computer-system-dependent control cauds (Job Control

Lanlluase (JCL) cards) may also be necessary. The computer system permmtd should be comulted
about these kems.

Once the deck of cards ku been assembled (except input dam) with the proper conuol uutb as

shown in tribute 2, the usa' is ready to compile the code in his facility. The ¢ompihtUml will indiclue

whether soy addidomd n_odiflcs[ions are needed. Most modificlionJ will be minor mid will
dead with ceslBJa Formla statements p_-uiJar to eBch compiler.

Supply the Input hUl

The physicaJ arrangement of the input data cards is illustrated in filrure 3. Details for pteptdq the

input data cards are summarized in table I. A detmled descripcJon of these _ is liven

subsequently. A sample for preparinll input cbun for a four-ply symmetric lamh_e is wemued in

table lI. This laminate has two different mmerJaJ systems. The O* _ &re of AS 8rsphite

fiber/intermediate.moctuius, low-strensth epoxy matrix composite. The gO" piiel are made or a

hybrid comrx)site. The primary composite is $ 8Jass/hish-moduJus, hilJh4;renlPh epoxy. The

secondary composite is AS iP'aphite/intermedi_e.modulus, hish-suenstb epoxy.
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(b) Schematic showinll Iollic flow of ICAN code.

F'qlun_Z--Concluded.

F'ilme ).--Physical arranllemeat of input data cards.
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Cud
|mup

Idam'_(Ix_

Tidecard

ffrDATA

r_uq_ KllCOv
d_

aoolml_r mml_ BIDE
layK eamlD'

Book_ rot am- CSANB

bnuw _1 bmlq

synula7
Boc_m for _ COMSAT

ralw cilia

TABLE I.--SUMMARY OF DETAJ_ FOR PRF_PAJUNO INPUT DATA CAJU_

Code sym_ Numba o¢ _ o( Carol Formm
mmm mmm f'mekl

seqmmmmcotumm
os_lor

i| .

Trrl_ M A_mheK i m M (lOd)
ohm,sam

NL.NLC.NMS 3 NsNt..#,,m 9 to 36 (dJ[J')

! lto6

! • lW6

1 ! m 6 (i.6)

I _ lm6

l im6

4 eLY (pty dmimd) (d_

i

IlqPI,IPI,TU.TCU 7 _#.TF ! m 64
DI_.M,Tk'I'A,THCrdQ lea,AM .

MATCRD (mlgtliM CODE_LI.J), 9 _ ! to 64 (d,2aJ4.2.Jm.2)
symm daub) CODL_I J.D. compml

VFP,VVP, axle

' CODF,S(2.2J), _

Vl:S, ws,v_ nun.

Secm_
coe_m i
c_J8

farfikr

lad

PLOAD 0emtal NXJCC.NXY.111(_ 4 N,.Nr_V,). I m 32 (d.TBI.4)

deunls) MX.MY,MX'Y 3 Qa.Jf.pli_,.1 to 32 (d.TE8.4)

N.,
DMX.DM3t' 4 dLli',/dr l w 40 (d.71R.4)

Ptssu.mtssL ,i,
e.._,

Ceelpeml imlm_l

P (_
T (am) ff _ me

_ F (_-)

P (fil)

'T (uw) ffi_ U
_Ns'u_e F (fabe)

T (m) if Poimm ratio diff..
n dma m auu_dimd;

P'Ig,l_yq_real_Wm'mm
imm

Desmpem d mmmmJ
_ miss used

Anlk of h,_,-,,_ m/e
sm_:zm,#d.-ezim

L._ cmm_ml (I_
t.,xmJm8mJmm
(mulvel_l)

Input datafor adclitionaJ composite systemsmay be easily prepa_t. This is done by selemin8 the
desired fiber and matrix from the avtiiabie materhtis listed in appencLix C usin8 the vsriable
FBMTDATA.BANK and modifying the approlx'_e entries in the input data saunpleillusumion.

After the input data have been properly u_mbled (u shown in fig. 3), they &re placed in [he_
physical position (fig. 2) and the code is ready to be run.

Detg_Jed Des_ptton of Input l)gta

The card group numbers referred to here _re given in filPue 3 and tlble I. The sequential order of
the emr_es in each card group is given in table I. Nine that most data cards are identified by a
mnemonic to indicate the card group in which it belongs in the input diua deck. Also, most _ cards
are divided into fields of eight, with one entry per field being allowed. The mnemonic is entered in
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TABLE rI.--ICAN SAMPLE INPUT DATA3ET

FOUR PLY SYN_TRIC LAMINATE. ICAM SAMPLE INPUT OATA.

STOATA 4 I 2

T ¢0flSAT
F CSAU
F 610(
r ItZNOY
T NOBUOF
PLY 1 1 70.00 70.0 0.0
PLY 2 2 70.00 70.O .0
PLY 3 2 T0.00 70.O .0
PLY 4 I 70.00 70.0 .0

IqATCROAS-- IIqLS O. 5 S O. 02 AS-- IIqLS O. O
NATCRDSGLAHNHS . SS . 01 AS-- IHHS . 4

PLOAO 1000. O.O O.0 O.O
PLOAO 0.0 .0 .O
PLOAO .0 . O

0.0 0.010
90.O .OOS
90.0 .OOS

•0 .010
O.S? 0.03

.S? .01

NX,NY,NXY.THCS
NX,RY,NXY
0NX/0X,DiqY/OY,PRSS

format AS, and the integers are entered in format I8. The real numbers my be entered anywhere in
the appropriate field. The foUowing is a brief description of each ca,-dIp'oup tOlieth_ with examples
taJcen from cable II:

T/at c=rd.

iFOUR PLY SYMMETRIC LAM|NATE. leAN SAMPLE INPUT DATA.

As shown,any titleof lengthup to 80charactersincludingblanksmay be suppliedon thiscurd.

Stm_r/nldma r.m_.

8.9 16.17 24.25 a_z ]

M,_m_ N, N_. I N., l
STDATA 4 I 2 ]

Thiscardhas a mnemonic STDATA. Itcontainstheoverall laminateand loadingdetails.These

detailsarethenumber ofpliesNt, thenumber ofloadingconditionsNt.,and thenumber ofdiffarel|t
material systems Nm,.

Boo/en_r.

I 6.7

Boolean "Thissptcttmay m used for _omments
TorF

COMSAT
P.INDV

BIDE
CSANB

NONUDF

A set of booleans, COMSAT, RINDV, BIDE, CSANB, and NONUDF is defined through these
cards. These are five cards, one per each logical variable. The format is L6. The variables have the
following functions:

(a) COMSAT.--The letter T in the card will direct the program to perform a complete laminate
analysis. A letter F would terminate the program at this stage.
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(b) RINDV.--The letter T is entered in the card if the displacements are inputs; otherwise, the
letter F is entered.

(¢) BIDE.--The letter T is entered in the card if the interply layer contributions on the compomtz
are desired; otherwise, the letter F is entered.

(d) CSANB.--The letter T is entered in the card if the composite his both membrsae and
symmetry; otherwise, the letter F is entered.

(e) NONUDF.--The letter T is entered if the detailed Poisson's ratio difference chart is to be
suppressed; otherwise, the letter F is entered.

Ply dtraih card troup.

I 8.9 16,17 24.2,5 32.33 40,41 _11,49 56..57 61

Mnmomc Ply _ T, T_. U Of t,
MID.

PLY 1 I 70.00 70.0 .0 0.0 .015

PLY 2 2 70.00 70.0 .0 gO.0 .005

PLY 3 2 70.00 70.0 .0 gO.O •
PLY 4 1 70.00 70.0 .0 0.0 .010

All the cards in this Ilroup have the mnemonic PLY. The numlm, of cards is Nt, with _ esm_ ms

each card. The first entry is PLY. The second sad third entries are idenfiru:mims numbers for the FlY
and the material system, respecU_y. The fourth sad fifth entries m the use tmUlXrlUm T. sad the
cure temperature Tow,reslx_tively. The sixth entry is the _ of moisture M. The szvem_ and
the eighth entries are the orienulfion angle t of the ply and the thiclau_ of the ply, _peedvdy. A
default value of 0.00dJ is ttken for the thicknem if this entry is mbsinj. The material system
identification number should be different not o_dy for different composite s_mm bm also for
varying use tempe, uure or moisture content from ply to ply.

M_mbf s_m

8.9 t6.s_ 2,_._32,33 40.4n ,_.49 _s._ 61

nmmx hum'ix

MATCRD A.$--IML.S .$$ .02 AS.-IMI-v: 0.0 ._17 .03
MATCRD SGL.AHMHS ..55 .01 AS..-IMHS 0.d ._/ .01

All the cards in this group have the mnemonic MATCRD. The number of cards is N_ with 10 m
in each card. The first entry is MATCRD. The second and the third entries are coded words for fiber
and matrix material of the primary composite. The code words are entered in format 2A4. For

example, the code for AS<ype fiber is AS-- and epoxy matrix is EPOX. A dictionary of codes for
severalfibers and matrices is provided in appendix C. The user may choose staycombination of fiber
and mama for a compmite system. The fourth and the fifth entries perutm to the derails of the
primary composite system. They are the primary fiber volume rmio sad the primary void volume
ratio, respectively. The next two entries refer to the secondary composite systemwhich is applicable
for the caseof the hybrid composite ply. They should be the same as the i_cond and third entries for
standard composite systems.The next entry is the secondary composite systemvolume rmio. This is
zero for the standard composite systems. The last two entries are the fiber volume ratio and the void
volume ratio for the secondary composite system. These values are entered when appficabte.

Load cw,ds.

1 8,9 16.17 24.2.5 32,33 40

_,,_ N, % _., r,_

PLOAD [I000. 0.0 t 00 0.0PLOAD 0.0 0.0 0.0
PLOAD O0 00 0.0 0.0

| J .,.
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All the cards in this group start w/th the mnemonic PLOAD. There are three cards for each loadi_
condition. Thus, the total number of cards is 3Nt.. The first card und_ each loading cond/tion
contains entries Nr Ny, and N_ for the membrane loads and T_r for the orientation of the loads

with respect tO the structural axes. Similarly the second card contains the bending resultan_ M_, M_,,
and M_. The last card contains the transverse shear resultants DMx and DM_ and the
pressures P,, and P_.

The user input data are read from I/O unit $. Apart from rids, [CAN uses two more unks, ? and 8,
foritsI/0 operations.Unit8 isusedtostorethernatedalpropertiesdatabase.Unit7 isusedasa

scratchfileby ICAN. TheseI/O unitsmust be appropriatelydefinedby _ theopetatL_ system
JCL.

Output

The followin8 items are printed out by the prosrmu:
(!) ICAN logo
(2) ICAN coordinate systems
(:3)/CAN input data echo
(4) Input dam summary

(J) Fiber, matrix, and ply level properties of primary and secondary composites
(6) Composite three-dimensional stra/n-strm and stress-strain relat/ons about the structural axu;

MAT9 card for MSC/NASTRAN solid elements
(7) Composite propertiesgenerated in array PC
(8) Composite constitutive equations about the structural axes
(9)Reduced bendingand axialstiffnesses
(10) Data for finite-element analysis
(11) Displacement-forcerelations forthe currentloadcondition

(12)Ply hy_othermomechanicalproperties/response

(13)Detailsof Poisson'sratiomismatch among theplies
(14) Freeedgestresses

(IJ) Microstressesand microstressinfluencecoefficientsforeach differentcompositemmterial
system

(16) Stressconcentration factors around a circular hole
(17) Locations of probable clelamination around cbcubu"holes
(! 8) Ply stressand strain influence coefficients
(19) Laminate failure load analysis based on the first-ply failure/max/mum stress criteria
(20) Summary of the laminate failure stressanalysis basedon two alternatives, first-ply failure and

fiber breakage

The printout of the input chim summary (app. B item 4) shows details regarding composite
geometry, constituent specifications, temperature and moisture conditions, and the loadi_
conditions.

The next few pagesof the output are generated by the INHYD progrmn i_imlN. They show the
fiber-matrix properties for the different composite systems and the ply level properties of the
composites(app. B, item J).

The output of the composite three-dimensional strain-stress tempm'ature and moisture relations
and composite stress-strainrelations about the structural axes are printed under the following
headings:

(a) 3-D COMPOSITE STRAIN STRESS TEMPERATURE
STRUCTURAL AXES

The matrices [EcJs I,[uc_s,and I_els in the equation

MOISTURE RELATIONS.

= l[oJ,- at#,& - Mtla&

where ,_T}=T_,- 7"¢u

are printed by the subroutine GACD3.
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Co)3-D COMPOSITE STRESS STRAIN RELATIONS-STRUCTURAL AXES
The matrix[Ec_intheequation

isprintedout by thesubroutineGACD3.

The subscriptsintheprecedinlleqmu.ionsindicatethatd_ relationsarewrlmm aboutthe_'m:mral

axes. It is noted that these prolxm_ are only local to subroutiae GACD$. They can be made lilOll
if needed. The propenia needed to prepare the MAT9 card of M$C/NASTRAN are printed out next

under the heading MAT9 CARD FOR MSC/NASTRAN SOLID ELEMENTS (app. B, item 6).
The output of the composite properties, generated in array PC, are printed under the fo[iowi_

heading (app. B, item 7):

COMPOSITE PROPERTIF_S--V.4d.ID ONLY FOR CONST.4d_rr TEMPERATURE THROUGH
THICKNESS LINES 1 to 31: 3-D COMPOSITE PROPERTIES ABOUT MATERIAL AXES
LINES 33 to 62: 2-D COMPOSITE PROPERTIES ABOUT STRUCTURAL AXES
Sixty-two entries are printed under this heading as shown in the followb_ list:

Code name

PC(1) De
PC(2) t¢
PC(3) to PC(I I) [EcJ
PC(12) to PC(M) _act

Pc(IS)to PC(IS) IKcJd4o

Notation

PC(19) to PC(_) Er, l,Gci2,vrt 2
PC(31)
PC(32)

PC(33) to PC(38) [Ec]-
PC(39) to PC(4"r) Erj ,,Gcz2,,czz
PC(48) to PC(54) ¢_c,Ko He

PC(.L_) to PCfJS) D r
PC(.¢9) to PC(62) _c

weightdensity
thickness

three-dimensional strus-su'aln rdad_ls about mata_l axes
three-dimensionalc fr ems ofexpanskmaboutmaterial
axes

three-dimension_heat¢ondtgtivityand heatcapacityalong
material axes

tl'uree-dimmsiomd constants about _
distance to reference plane from bottom of composite
blank ....

two-dimensional stress_tr_s rei_om about stru_unflaxes

two-dimensional elastic constants along structural _um
two-dimensional coefficimts of tlumma] expamion, heat
conductivity,and heatcapacityalongstructuralaxes

moisture di ffusivities

moisture expansion coefficients

Array PC and its corresponding string and headings are controlled by the formats in subroutine
GPCFD2. For nonuniform temperature/moisture, the bending equivalent and the membrane
equivalent elasticconstants may be obtained by utilizing the reduced bending rilidity matrix and the
reduced stiffness matrix which are also regular output of ICAN.

The output for the composite constitutive equations are printed in the following manner (app. B,
item 8):

FORCES FORCE DISPLACEMENT

RELATIONS
DISPL T-FORC'E5 H-FORCES

The elementsof matricesAcx, Cex, Dcx, N_r_z, NcM_x,MeTe, and MeMos are printedout by the
subroutine GPCFD2.

The output for the reduced bending rigidities is printed under the heMinl (app. B, item 9):
REDUCED BENDING RIGIDITIES. The elements of [_] are printed out as a m_m'ix.

Similarly, the output for the reduced axial stiffness [A_] is printed out under the headinlg
REDUCED STIFFNESS MATRIX. The corresponding formats for the above two outputs are in
subroutine GPCFD2 (app. B, item I0).
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The next printout comesfrom the main program under the headJnl: SOME USEFUL DATA FOR
F.E. ANALYSIS. This information is useful for preparing material data cards for finite element

codesNASTRAN and MARC.
The inverse of the constitutive equ_ioas is printed out ia the following manner (app. B, item 11):

DISP DISPLACEMENT FORCE FORCES
RELATIONS

The elanenu of dus inverse ere primed out in the subroutine COMSA.
The current values for the loads and correspondiq setof ply propertiesgenerated in array PL are

primed out next (app. B, item 12). The exp/uniom of the 75 entries in the PL property re'ray ere
giveninthe foUowinlList:

Code Notation

name

PL(I,I) ko ply void volume ratio
PL(2,1) k_ ply apparent fiber volume ratio
PLOd) kf ply actual fiber volume redo
PL(4,1) • k,nt ply apparent matrix volume redo
PL(5,1) ks, ply ac_md matrix volume ratio
PL(6,1) ot ply weight density
PL(7,1) tt ply layer thickness
PL($,I) 5t plyand Lm_y layer thickness

PL(9,I) H/ interplylayer distortion eneq_ coefficient
PL(10,1) zt distance from bottom of composite to ply centroid

PL(I l,l) zcT distance from reference plane to ply centroid
PL(12,1) 0c_ angle from structural axes to composite material ues

(same for all plies) {fig. 2)
PL(ILI) Or angle from ply material axes to composite material axes

(fig.2)
PL(14,1) 0_ angle from ply material axes tO composite structural axes

(fig- 2)
PL(15,I) to PL(23,1) [E t] -! ply stress-strain relations
PL(24,1) to PL(26,1) Iat] ply thermal coefficients of expansion
PL(27,1) to PL(29,1) IKd ply hem conductivities
PL00,1) H d ply hem capacity
PL(34,1) to PL(42,I) Erll,_fll, Gfl 2 ply elastic constants

PL(43,1) to PL(_,I) D r and Bt moisture diffusivities and expansion coefficients
PL(49,1) D_ interply delamination factor
PL(50,1) Tt ply temperature
PL(51,I) toPL(60,1) Stilt, etc. ply li_t_ngstresses
PL(61,I) Ktl?,_l coefficient in combined stress-strength criterion
PL(62,1) combined stress-strengtlt criterion
PL(63,1) interply delamination criterion

PL(64,1) toPL(69,1) letJ,loel ply applied strains and stresses
PL(70,1) _w/ adjacent ply relative rotation
PL(7 !,1) Hoffman's failure Criterion

PL(72,1) Mr ply moisture
PL(73,1) oef3 transverse shear stress
PL(74,1) or_ transverse shear stress
PL(75,1) 0r33 thickn_-ss stretch stress
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The next printout shows Poisson's ratio diff_ences between the plies and the composite (app. B,
item 13).They are printedout by the subroutineFESTRE under the he_Unj DETAILS OF
POISSON'S PATIO MISMATCH.

The stresspesksnearthefreeedseregionareprintedout nextby thesubroutineEDOSTR
thehemdin8(app.C, item 14)FREE EDGE STRESSES.

Item 14of appendix B showsply stressesin the structural coordiml_ systemand the throlqlb-Che-
thickness stressesozz,u_, and _. The boundary layer decsy lenlDh is also shown in the table under
the heading YDCAY LENGTH. Care must be exercised in interpretinj the results. They are blued on
approximare ensineerinl theories and give 8ood qualitative info_ regardinll the rehnive
maj_itudes of the peaks in the individual plies. This prmtom is suppressedin the caseof combined
loading.

The micros'tresses in each ply are printed out next by the subroutine MCRSTR (app. B, item IS(a)).
Two regions of interest are consideredfor the computations, the region betwe_ the fibers comixx;ed
entirelyofmatrix(,6,)and therelponconsistinlof fibersiswellu matrix(B).The stressesm'e_ a

descriptive notation. Thus, SMZAL means stress in aura'ix Idon8 the transverse (2) direction in rejion
A due toa ply stress a/on8 thelonlDtudin_clL,'e_onof the material. Fisure 4 shows the definido_
for regions A and B. The printout a/so shows rmcrostresses resultinZ from moimn.e md tem_
differencesifnontrivitl Mtand Ttare present.........

The microstress influence coefficients, stresses due to unit applied stresses in direction 11, 22, 12.

13. and 23 (app. B, item IJ(b)); unk tempermure difference 7"t; and unit moisture content _t4rrare
output from the subroutine MINCOF. These vtr.thtes are printed out following the micromemm.

Under the hesding STRESS CONCENTRATION FACTORS (app. B, item 16) are printed out the
factors Kin, KI_. and Kl_ which are due to ;,,plane loldins around • circular hole sz J" intemds by
the subroutine STRCNF. Cumulative stress con_ due to combined loading may be estimsted
by simple addition of the respective stress concemratioa factors.

The next output (app. B, item 17) is under the he_linlJ POISSON PATIO DIFFERENCES tnd

results from the subroutine NUDIFS. For each ply, the Poisson's ratio differences, (_- _- l) and
(_- "c), and the products KI= r (_- ,¢), KI_ (_- "e), and XI_ (_- "c) are printed out at 0 illertmb
of J" around • circular hole. This is suppressed if the boolesn NONUDF is setto TRUE. This item
shows the locations of probab|e delsmin-tion for each ply. These are the locations where
such as KI= (_- J'i), for example, are maximum.
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Fisure 4.--Def'mhkx_s o( rqliom for ply microsueu ¢adculmiomk
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The next item in appendix B shows the ply stress and _ influence coefficient arrays and ply
stress influence coefficient arrays (app. B, item 18). These are computed in the subroutine COMSA
and are printed by the m_n prolPrmnICAN. The first table gives the influence coefficients basedon
unit loads or moments/inch. The secondtable lives the influence coefficients in terms of unit qRMied
stresses.ExplmuttJonsof usalleof thesetablesareprovidedattheend of eachtable.

The outputfrom thesubroutineMSCBFL isprintedout nextuncles'the he•dinSLAM/NATE

FAILURE STR.ESS ANALYSIS (app. B, item 19). The sMl_ is basedon f'u'st-piyfa/lure
Resultsare printed in a tabulm"form for each ply, and a summary of the analysis is shown in themd
(app. B, item 20). The summary showsthe critical ply, the failure mode, and the load for eachof the

applied load types, oc.=r, eccro ec_yr, _, and _crpS,, respectively. The first table shows resullul
basedon first-ply fadlure, and the secondtable shows results based on fiber failure by brea/ml_

A TypkM IBM Terminld

To run ICAN, the user must rust install and compile the proszmn on his/her computer accordiq
to the system to be used. The procedure used on the Lewis Resem_ Career IBM 370 is described in

detail here sag•ins from los on. The computer prompt silmais &re identified with uppercase letters.
User entries are in lowercase letters. The following are prerequisites for the user to be able to run
ICAN:

(!) A knowledge of how to compile and store the object module in the public storage space.
(2) A knowledge of redit or tedit processorsso as to be able to ereme vs clmxseuof the input dm_

deck. The details of the input data format have already been described in earlier pm'•llr_hs.
(3) A knowledge ofcommands like rinds, rods, ddef, libdd, prim, and entse. Theseare a few of the

commands commonly used in running • program on the IBM 370.

The user is advised to enlarge the object deck, the input cbmm_ and the _ property dma
base so as to conset've his/ha" pro•anent storage. The object deck, which is a binary version of the
compiled source program, is referred to here as OBJ.ICAN. The data base of mmm_ prop•tim is
referred to as FBMTOATA.BANK.

The session is started by louing on at the terminal This is achieved by typt_ loson, usa'kl, mid
password. The system replies

TSS/3?0 RELEASE 3.0 PRPZ3 FTFI8

SOME MESSAGE TASKID l OBD7 POOLID = LRCFM -
LOGON AT 11:30 ON 01/15/_

The user is now ready for the session. The first phauMeof the session consists of restoring the
necessary data sets to temporary stonqpe. This is achieved by the foUowing commands:

rinds obj. ican, au

SUCCESSFUL (TEMP) RESTORE OBJ.ICAN AS (AAA)
rindsf=omtdatLbank,ccc

SUCCESSFUL (TEMP) RESTORE FBM'rDATA.BANK AS (CCC)
rinds ican.sample.input, bbb "
SUCCESSFUL (TEMP) RESTORE ICAN.SAMPLE.INIPUT AS (BBB)

At this point, the user has all the necessary data sets to run ICAN in his/her temporary storqe.
The input/outpm fortran units that are utilized by ICAN for its various input/output operlUoml

need to be defined next. This forms the second phase of the session and is achieved by

ddefft0$f001,vs, bbb
ddefft06f001,vs,icanout.bbb,rat-t

ddefft08f001,vs, ccc, rat= t
ddef ft07f001,vs, I'7, rat=t

Durin$ these operations, the system usually responds by the minimum prompt, the underscore (_).
The third phaseconsistsof loading and executingthe object deck and printing out the results. This

is done by the following commands:
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libdef lds, aaa
load gpcom$$,$
ican
TERMINATED: STOP

print icanout,bbb0 przsp -- edit
PRINT BSN = 8835, 12.00 LINES

The last phase involves cleaning up the user's stonlge place lind is 14_Jeved by iuuil_ die
commands

release lob
release ft
erase

erue bbb

erase¢cc
eraset7

The usermay eitherlogoffor proceedtoexecuteanothernm foradiffm'mtsetofinputdata_terthe
precedingsetof commands.

Programmers Manual

A brief description of the main progrma (or conu'ol progrma) and theoretical equmimm
programmed in the code ere presented in this portion of the report. The subrouu_
follow the order of execution u shown in the flowchart (fill. 2(b)) rmha than the physicad soqumKial
order (fig. 2(a)). h is assumed in the following discussionthat the user has • worki,,S ImowledlW of
computer programming and that he/she is fiuniliar with the terminology spprolx'im_ to m_
composite mechanics.

The assumptions and details leading to the derivation of the equations _ed in the code m'e
not included here. However. they are described in the references cited. It is suggestedduLt the
interested user have these references available to him/her.

The information provided in this portion of the code together with the source program
enables the user to modify, implement, and extend the code _corcling to need.

Msla Program

The main program contains the global variables, the various subroutines, the input data ski
format, the various program control statements, and the output. These ere discussed subsequemJy.
The flowchart of the program is shown in figure 5.

The global variables are lpivea in the following list:

boolean CSANB, BIDE, RINDV, COMSAT, NONUDF

integers N s N_ N w NI, N_ M, Qp 0,_

0.0.0/
re=l OcgDf, n,,f, d_ E, i,, O,,_, m, lr

real arrays K,e, K/I_ 0t-, tt(l,lO00),
Pd7L 1000),Pc(1,62)

maximum dimensionsE_ Ee/_£'cm,Ae_ Cop D_, _

A_.(3,3), al,am, at,, NcrtX. MdT'eX.

NeU, X. MeW,X. ec_,, e¢,e_(I.3). L,sr(l.6).

Mc:wNcr (3.Nle). Du(10,6), AINF (6.1000.8).

(xy)p.s,(x,)e.s, (tx)e.s,

(ty)p.$, (],1000)
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BANKRD
IDGER

1
Call GACD3and GPCFO2m I

9en, nm _$tnutJv, mattem !

andarray PC J

ITnR

------_ ca, COMSA. 1lamimReaNIJ_lS
I

/ -Wrltl Im(l#ndI_y ,
p_s arm/VL /

t
Call FESTRF.Pdssmlss

mismlCh
Call EDGSTILfill

strl4N$

1

I CaIIMCRSTR, ]microstrtssls

True _

Call MINCOF. mk:msU'MS
infl umoe coefficients

Call STRCNF,stms
cotcentrltion factors

Call NU01F$. Iccatio_
o( prol_Oledelamirmtion

[
c8. COMSA.

re stress*strain
influerce /

coefficients /

1

1

wr_ p,ystms-sualn /
influence co_lcieflls

r

I
Call MSC|P,. Wr_l flilurl l

imclanalysis muffs Iand summary

®

Filure 5.--ICAN prolKam flowch_.

stringarrays title(80 characters) read in.

Pt (eight spacesper field, Not fields)
Cel (six spacesper field, six fields)
Ce2 (six Si_ !_ field, six fields)

Pen (six spaces per field, Npc fields)
codes C

current dimensions N e. Nph NI_ Nf, N,_s

real arrays K_,, K_ Oar,,",,(l,Nr), Pt(TLNt)
current dimensions Pc(! ,N_),

AINF (6,N_8). Xy.x.p.s(l,Nt) ,
t,.y.e.s.(J.Nt)

The subroutines are as follows:

ZNVA inverse of an array

GACD3 generates composite three-dimensional elastic and thermal properties and
the two-dimensional thermal properties
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BLOCK DATA DISP (String) and RESF (String)

GPCFD2 generates composite two-climemional elastic constant.5tnd ¢ongituLive
equations

COMSA generates the ply strain and stress states due to applied loads, checks for
ply failure and interply ddtminadon, and 8enecma the ply stressand
smun influence ¢oeffideuts

INHYB genecatesply level properties with the aid of subroutines FIBMT. HI'M.
COMPP. •rid FLEXX

BANKRD/IDGER generates constituent properties by using the dam base
FBMTDATA.BANK and m'ranlm them in a proper format so as to input
to INHYD

FESTRE computes Poissoa'sratiomismatch bmmm thepliesand thecompmite

EDGSTR computes int_lamingt free edlle stresses

MCRSTR/MINCOF generates the microsmmms and the correspondi_ influm_ cuefflcients

STRCNF " generates the sm_ commm'aflon factors around • circular hole

NUDIF$ generates the Poisson's ratio differences within the plies md the probable
locations of delaminmion axound the free edse of a ¢ircu_ hote

MSCBFL performs failure load analysis based on first ply fallureJmaximum-sttms
criteriaand prints the summary

AMINF minimum value of an array

AMAXF maximum value of an an'ay

I_RLD determinesthe failureload,failuremode, and theply locstion

These subroutines are describedindetailinthenext section.

INPUT title, Nt, Nt-, N,m, CSANB, BIDE, LINDV,
COMSAT, NONUDF, ts#s Ts Mr fiber

name. matrix name, k,_ k._ k_ Ncr, M_..
DM<_, P,. Pt

(For substitutionand definition,seeappendixA.)

Subroutine Description

Subroutine INVA (N,A,C).--This subroutine computes the inverse of • square matrix A by Gauss

elimination and stores it in array C. The check

IAtpt0

is made and, if satisfied, the program continues; otherwise, the message SINGULAR MATRIX is
displayed. The subroutine inputs are N, the matrix order, and the matrix A. The output is

A-I-C

Subroutine GACDJ(C).--This subroutine generates the three-dimensional hyll:othenauelasfi¢

properties of the composite about its structural 0c,y,z) and mlmcial (1,2,3) axes. The ang_ # is
measured from x of the structural axessystem. (See fill. 6.) In figure 6, replace z7 etc. by 11etc. and

A3-2|



Z

II

,),_

Fi|ure 6._Ply orimt_i_ I_ma_. Com_e stmcm_l _ x,y._, com_ _ u_ i,2,,3; I_ _ mm
(c_inades with fiber dir_ion)0 1,._.3_.

measure 0 from the material axes to obtain properties about the m-,erial axes. These composite
properties are generated from the following eclmuions:

[Eel- _ _ (ze.l-z_)l,R_lr[Ea][,%l+ HS[Ss!
j-I

1
lae}" _ led F., (z,_., - z_)iRulr[Ed[a,}imi

_v,

(eel = _c[eel _ (zl. I -ze)(Re| r(Ed[_ediml

The arrays [aeJ, I_el, IalJ, and [_eJ in the precedinl eClu_ioas are _vem by

IaeJ = [%_zacyyac._a_ac._racry j T

and

[_e)= [an_ar_am 0 0 01T

_eJ= _enl_rz_n3 0 0 017.

For all practical purposes, the two-dimensional thermal coefficients of expansion about the
composite structural axes are the same as ac,m acys,, and acry in the array [acJ for the three-
dimensional case.
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The mazrix [£_ - [ is _ven by

m m

vc'J-L 0 0 0
Ecj3

f_lz lcz2 Icj3

_ _c_L"_ _ 'c.at_ 1

0 0 0

0 0 0

0 0 0

1
0 0q

Ec23

1
0 o 0 o -w-- 0

Z:c3t

1
0 0 0 0 0

£ciz

Note thin for the caseof an anisotropic material, the etemenu (1,6), (2,6), (3.6). ud (4.$) and their
symmeu'ic parts will not be zero.

The m-,ricm JEll- ' and [Rs] - ! are _ven by

mm
m

1__ - "_-d _ "n__! 0 0 0
£'t,, £'m Erj3

_ _'tz_.3 I__ _ 'rJ._2 0 0 0
_'r,l Em _'rJ_

_ z,_,1_...33_ _ 1 0 0 0
Etll fm El3--3

I
0 0 0 = 0 0

"r_

0 0 0 0 1 0
Erj!

0 0 0 0 0
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[Ra!=

cos 20 sin20 0 0 0 _sin

1
sin2# cos28 0 0 0 -_sin20

0 0 1 0 0 0

0 0 0 cos # sin # 0

0 0 0 -sin0 cos0 0

-sin20 sin 28 0 0 0 cos 20
.

where 0=8 e for properties about the composite material and 0=#f+# a for properties abom the
composite structural axes. (See fig. 6.)

The matrix [S_] is given by

--A2 -AZ 0 0 0 -AB"

- AZ A2 0 0 0 AB

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

- AB AB 0 0 0 B2
B

mm

Here A=sin 28i- sin 28i-1 and B=cos 201-cos 201_ ! where l>l and dmous the ply index.

The angles 0i and 0i. I (fill. 6) are given by

0i -- 0e ÷ #cs

0i - t = 0__ ! ÷ 0cs

The compositeheaxcapacityis the same for Ixxh the two- and the _e-dimemional cases.It is I/vm by
Ne

1
hc - _ _ h,t,

aml

and t¢ is given by

to= _ 111
i.I
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Thecompositethr_-dJmensionalheatconduaivities aiong the composite material axa, assumml an
orthotropic composite, are given by

1
K=ll " : _ tt(Xn, cos_ et+Km sin=0t)_

,e i-!

Nt

I _ te(Xnl sin_et+ Km cos2ee)i
Kc_" _e i-!

The anlie et is measured from the material axm (fig. 6)

The composite two-dimen_onai hem conduodvities along the ¢ompodte m'uaural axes are liven
by (seeref. 9 for the transformmion equations)

1
K= = ;- _ t,(K., cos20 + K_ ..2 e)a

J¢ i-!

,%
1

Keys=_ _ ce(Kt, sin2o+lrm cos2o)iiml

,%
1

tl(Km- Ktll)i dn 20t
Ko_r = Kcrs' - _ i,,I

K¢_ = K¢3 3

The anlie # in the last set of equations is measured from the composite struaund axa and is equal to
ecs÷Ot. The inputs to the subroutine are N t, ze+ I, :e, 8=, #t/, [E/J, Hi, lalJ, he, atxl {Ki], which are
all global. The variable N t is input data. The remaining quamldes are d_er generated or are
transferred from information stored in PL(! I,D, PL(13,I), PL(I$,l-23,l), PL(8,D, PL(24,D to
PL(26,l), PL(30,I), PL(2"/,I), and PL(29,I). The outputs Ire t¢ add the arlli)11 IIn [E¢] - i [¢t¢_, feel,

hc, and {KcJ.The composite thicknesstc is stored in PC(2). The arrayl [EeJ- I [_, and [E¢] for both
composite material and structural ues are printed out unck,r the hcadtz!lp 3-D COMPOSITE
STRAIN STRESS TEMPERATURE MOISTURE RELATIONS-STRUCTUR._L AXES and _D
COMPOSITE STRESS STRAIN RELATIONS-STRUCTURAL AXES.

The compcmte material axes properties lee] and [ocJ axe stored in PC(3) to PC(I4) u Ilobl]
variables. The corresponding moduJJ are stored in PC(19) to PC00). The Ihrm<flm_'utonaJ hem
conduaivitiestoldhe_ caps_tyalonlthematerialaxesIrestoredin PC(IS)to PC(IS).The two-

dimensionalthernudcoefficientsof expansionalong the struaund axesare storedin PC(48) to
PC(S0). The two<iimendoMJ heat conduaivities and heat capacity along the structural axa are
stored in PC(S1) to PC(54). Note that the heat capacity is • scaJarqutmdty and b independent of the
reference axes. Therefore, PC(_4) equals PC(IS). The moisture diffudvitks and expatm_
coefficients are stored in entries PC($$) to PC(62).

SubroLuine8LOCKDA TA.--In this block, the strinp Cel and C,,I, which are printed out with the
composite constitutive equations, are defined. The string CH contains the randlant force nouuion
N_ N o. No.j,, M_ M o, and M_a.y.The strin8 Cez contains the nmatioa for the corresponding
displacements.

Subro_bte GPCYD2 (RE3F, DISP, PROPC).--This subroutine senerates the reqtdred section
properties and the force-deformation temperature-moisture relations for • two-dimensional
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muRilayered composite. It also 8emerttes the plane-stress elastic e,,onstsJnu for the composite. The
force.deformationtempenuure-mo_ure redazionsSe_enued in thisproeeduureare definedin the

follo_nsequauon:

TheSaaic equationsformedemmuinthearrays1,4_J,[¢_j, IDol,_r_l, _,r,_, (,v_,,l,

Nf Nt-!

IA=I= _ (z.÷,-=a)ladTl_d-'{Rd÷_ _Y:s_
i'l j=l

,% _%-i
I

iv, .,v,-t

_v,

[N_r_]= F, Ar.(z.. _- =.)[.%l[-rd- '[ad
i-l

I

1

i,,l

where* T_= T_- r_w

The arrays[=,I. _,]. [_d. [_d. =d [Sj]=re

{=,=;-[a,,== olT

[ad=_,, an olT

[Re]=

mm a

I
cosZ # sin z # _ sin 2.8

sin2 # cos2# 1
- i sin 2#

-sin 23 sin 2.4t cos
no
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m

E_,_ _r_ o

_ vel...j2 _1 0
_n.n E_

0 0
1

m

Gtt2

1
Sj_ = Sju = _ (sin 2_i - sin 20i_ i)z

s_21=sin= - sj_,

l
Sj32 ffi$_ = _ (sin _i- sin 20i_ iXcos 20i - cos 21i_ I)

sm= sm= - s_u

1
sm = ;(cos _i-cos _i-i) 2

Here e i equaJsthe O=r+ e t (ill. 6).The reducedbendio8 HEidide=(ref. 6) are |en41=l=_ia th_
procedureaccordingtotheequation

a_==[a=- c=A;,' c=]

The reduced axial stiffnessesare generated in the procedure accordiq to the equation

R_ -iA_- [A= - c:_;, c=]

The two-dimensional composite elastic constants are generated
(assumin$ Ts = Tr for i = 1 to N t and M e= Mr for i = 1 to N=):

1 (Za+ s -:_)[Red r[EiJ - I [Rej + _ Hj[Si][Z=l -i. ;_ i
j-i

from the foUowiq equation

where

i=l

The inputs to this subroutine are re, Te, M e, #i (relative to compodte structurxl axes), Hi, and the
ply elastic constants. These quantities are global and are located, respectively, m PL(7,[), PL(50,1),

PL(72,J), PL(14,[), PL(9,1), and PL(3I,]) to PL(42,[). The arrays [ReJT, [Eej- 1, [Re]' and [$)] and
the dimensions ze are generated within this subroutine.

The outputs are the force-deformation temperatm'e-moisture retetiom, which are stored in tire

global arrays ACX==Acx, RAC:A_x, CPC=Cc.r ' FLX-D_ RDC-D_ NSDT.NcT_
MSDT =McT_r , NSDH NcMf,r, and MSDH =McM, z, These are printed out under the heacLinll
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FORCES FORCE DISPLACEMENT RELATIONS DISPL T.FORCES H-FORCES. The
reduced bendin8 rigidities are printed out under the heslJag REDUCED BENDING RIGIDITIES.
The reducedaxialstiffnessesareprintedoutundertheheadingREDUCED STIFFNESS MATRIX.

The inverseoftheconstitutiveequations

cx] [C_]] - I

] [D=Jl

are printedout under the headingDISP DISPLACEMENT FORCE RELATIONS FORCES.

The distances_ zu,and :warestoredinPC(31,1),PL(10,1),and PL(II,I),respectively,The two-

dimensional composite stress-strain relations are stored in PCO3) to PC08), and the two-
dimensional composite moduli cud Pomon's rsdm are stored in PC(39) to PC(M). The two-
dimensional thermal properties are stored in PC(_) to P_(_t), u is described in the section
subroutine GACD$.

S_ COMSA _--In tlw subroutine the stress cud strain suttel of each ply are computed
given the edgemembrane forces, the ply temperature, and the chcul_ in curvature. In addition, two.
ply, combined stress-strengthcriteria cud the interply detaminadoa criterion are Seamtted. Also
generatedare the ply stress-stratainfluence coeffidenu. The equations programmed for the/th strain
and stressstates are

I,el= [RdH l- (f v ,t + [ vcr,.t+ - ziRd[.,  

[O'eJ= lee]-I[Re][Acx|= I([Nc_+ [NcT_x]4.[NcMex]+ [Ccx][Wcbx]>

-[Ed-t (Telad+ +zlRd[w  )

The reference plane strains e_ cud the curvature changesare computed from

when eitherthemembrane forceorthemoments or botharegiven.

The stratusategeneratedlocallyinEPSL and SIGL, respectively,and arestoredinPL(64,1)to

PL(69,1).The matrices[Re]and [Eelare generatedlocallyfrom informationtransferredfrom

PL(14,I)and PL(3I,I)toPL(42,I).The distancezj,theplytemperatureTe,and theplymoistureM I

aretransferredfrom PL(II,I),PL(50,1),cud PL(72,1),respectively.The remainingmatricesat'e

Aor - ACX
- cpc

NcTrX -- NSDT
NcM_ -- NSDH
N_ - NSBm
Mcr, x -- MSDT
Mc,.,x- MSDH
M_r - MSB_

and wc_x- WXXs, (Iocai curvature from bending analysis), where m denotes the load condition.
It is important to note that the stressanalysis in the coded form also handles the casewhere both

the reference pilme membrane strains cud the local curvatures are given. In this case the ply strains
are given by
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where I*ml is the ith ply slram along the structural axis. _e,._ is the reference plane membraae suain,
is the distance from the reference plane to the ¢entroid of the ith ply, and Iwca_ is tl

curvature. Thesevariables are read in the array Dr,,,. where m denotes the load condition.
The corresponding hh ply stressesare given by

f '= [Eo]- - ;"o:ao:

, Te= Te- T,.,,,

where :oe: is the ith ply stressadonl the materhd urn, [£1J is the itll ply / ¢oastlat abol the
material axes. :Ro: is ihe transformation mmrix of the ith ply, [e=tJ is die tie ply maia _ the
siru_ural axesas given by a previous eqtmtion, 7"I is die temlmrltum of die i_ ply, Tewis the cure
temperature of the i th ply, [aej is the themmi ¢_efflcient of expmud_ of tim i_ ply _ tim
material axes. M e is the moisture content of the ire ply, amd [_llJ is tim moiure expmutem coefflde_t
of the ith ply along the m_erkd axes.

The displacement force relmion_ are printed out in dm folloWml formm:

DISPLACEMENT DISPLACEMENT FORCE RELATIONS FORCES

II- I
Two similar setsare printed out. In the first set, the displm:emem gud force vectors m'e in symbolic
form. In the seconds_, the displ_.ement and force vectors hive their numerica/vLImm. (Seeoulpuu
of trial cases,app. B.)

The failure criterion may be determined by either of the foilowinl methods:
(l) Modified distortion energy

I,. "Stl h_/ StlIB ] IMS/I ia S_ ÷ t--snu/ J

The parameters a and B are specified as follows:

= f StIlT
'Sill= tmin(StllC ' Stile O)

a=T

ol=C

f S t'/J T 1_= T

Sa_ = tS_c _ = C
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K =K' _ +4'n2-"]_---_-_ +-_-- '-m)'rt::
el2aa tt2=a iE_il£r.a(2 + wn2 + j,ti3)(2 ÷ _r21÷ _m)l l/2 _

K t l yaa ="

BET(I, 7) a, a = T
BET(2, 7) a = C, a = 7"
BET(l, 8) a= T, B=C
BET(2, 8) ct, B = C

The multiplier of K;l_ was generated in the main prognml end is stored in PL(61,I). The conmmt

Ki2_ constitute theory-experiment correlation factors. These are set u unity in COMSA. Hmvevca',
the user can modify the correlation factors if he/she wishes, by recleflning the matrix BET In the
subroutine COMSA.

(2) Hoffman's criterion fief. 9)

$ntc=min($nlo Sttlc_

r=,- f +s,,,¢-s,,,,._ s.,. ]L Snl_Sntr + sracSrar SrllcSntr _nt + SmcSm-_ra+ S_m

F>O no failure

F = 0 incipient failure
F<O failure

The interply delamination criterion foi the jth interply layer at the ruth load condition i$ Iovemed by

[, - \_-_'_t / JS-PL(63,I)
when i> 1

l 1
A_Oj= _ (eo'y - eexl)(sin 2tt#- sin 20i_ i) + _ #e.o,(¢O/21t#- cOS21tI_ i){la] ,. l,,lii t" i

(l,'_=J÷ l,v,r_ . lu_,=I + ic,=liw,._)

or by the displacement force equation described previously.

The inputs to the subroutine are the ply angle measured from the stru_ural axes (0t, from
PL(14,1)); the distancefrom the reference plane to the centroid of the ply (zl, from PL(I l,I)); the ply
temperature (7"w, from PL(50,1)); the interply delarnination limit (_el/, from PL(60,I)); the ply
thermoelastic properties stored in PL(24 to 26,1) and PL(31 to 42,I); the ply extensional and coupling
rigidities, A=r = ACX and Car = CPC; the local curvatures we_ = WXX; the tdjtmment mnstants
K_t27-r = BET(I, 7), KL;t2c.r= BET (2, 7), Kt;tzrc" BET(I, 8), and Kh2c-x.-, BET(2, 8); and the load
conditions N_r = NBS(m).

The subroutine outputs are the modified distortion energy PL(62,1), Hoffman's criterion PL(71,I),

the intet_ly delamination criterion PL(63,I), and the adj•_,at ply relative rotation (_j, from
PL(70,1)).

Subroutine _DGSTR.--This subroutine computes the interlaminar stresses uw otT, and o_ nur •
straight free edge region of a finite width, infinitely long plate under uniform extensioa. The
equations used are based on an approximate formul•tion analogous to that in reference IlL The
calculations are performed in two parts. The first part consists of ¢omputatiom of decay lenlBkl for
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the interlaminar stresses. The decay length is a measure of a free eclge'relPon in which the
interlaminat stressesmay be significant. This is achieved in the main program. The second pstt uses
this information to compute the interlaminzr stressesin the subroutine EDOSTR. The pertinent
equations are discussedin the following paragraphs. Note that in the caseof hybrid composite plies,
thecalculationsarerepeatednotonlyfortheprimarycompositebutalsoforthesecondarycompo_tz
by usingtheappropriateplyconstituentproperties.The primaryand thesecondarycomposita ate

distinguishedby usingthelettersP and S,respectively,intheFomlm variables.Intheca_ ofbiuiaJ
loading,thissubroutineisbypassedas therearerlofreeedges.

Part i.--Dtcay itngth or boundary la.t_r width eomputatiomt. The interlamingr stresses near the
freeedge are assumed to decayexponentiaiiy.The decay lengthi$caiculatadwith theaid of the
following equations:

\to/

where

cz=$ i (0.001)

and

The caiculations ate repeated for each layer. Quantities t_ and Xi are stored in arztys YPL and

PLMDAY. These quantities pertain to the free edge parallel to the load axis X. The correspondin8
quantities for the load axis parallel to ]" are stored in arrays XPL and PLMDAX. These are

computed by replacing £0,J,with Ee_rin the preceding equations. For the intraply hybrid composite,
the respective arrays for the secondary composite ate denoted by YSL, SLMDAY, XSL, and
SLMDAX. Note that the letter P is replaced by S. This notation is followed consistently throughout
the text. The labeled common block ILAB6 is used to store and pass these data to subroutine
EDGSTR.

Part 2.--lmtrlamiMr strtu computations. In the EDGSTR subroutine, the ply stressesPL(67,l)
to PL(69,I) are transformed to the structural coordinate systemJr,y, and z. These stressesate stored
in the matrix SIGMA O,l) for each layer. The interlaminat stresses[¢e_Jate computed with the aid of
the following relations:

for i = N t_ nto Nf2 + !

The interlaminat shelu'stressesIo_j and [¢e_rJate calculated by

( ol .t = Nt N t
= Ior i = Nrto T ÷ z(ea- 1) "
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and

for i=Ntto_ ÷ 1

In these equations, the computations are started from the top layer (/-Nj). After the midpine is
approached (i=Nd2 + 1), the calculations are repeated starting from the bottom layer (i-1) and
continued until i becomes (N_- 1).

The interlaminar stresses are stored in the arrays YSZZP, SZYP, and SZXP for the primary
c6mposite and in the arrays YSZZS, SZYS, and SZXS for the secondary composite. They are,
however, made dimensionless by dividing by the applied normal _r_ ocm

Subroutine STRCN¥.--This subroutine calculates the stressconcentration factors around a

circular hole due to membrane loading. The equations used are taken from reference 19 and are

strictly applicable for infinite plates. Three factors are computed in the subroutine and are def'med by
the foilowinl equations:

Kl,vy= O_
Oyy_

Quantities o_., _yy., and or/. are the applied stresses, and oR is the hoop stress at any angle # from
the load axis. The stress concentration factors are stored in the local arrays XKI, XK3, and TEMP.
The expressions for/t't_ r, Klyj,, and Kl_ are the foflowinl:

Kix x = _ +

K)y.v = _ I+ \E#_

,<,. ,+ +
c_ + G_J

- "e 2t, - + sin

In the preceding expressions, Een and £e,_. are the composite moduli in the tangential and radial

directions at angle #. Angle 0 is measured from the x-axis for gt_ and Ks_ and from the y4xis for
Klyy. The progriLm rearranges the computed/{'iy_, values so that they correspond to the same location
as those of Ki,_ and Klxy.

Subrmaime NUDI¥$.--In this subroutine, the Poisson's ratio differences between the adjacent
plies and the composite are computed around a circular hole at J" intervtb. The products of the
differencesand the correspondingstressconcentration factors are computed next. These products are
expected to provide insight into the probable delmuination locations. It is assumedthat onset of
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delamination is likely to occur at the locations for which the product of Poisson's ratio mismmch
withthecorrespondingstressconcentrationfactorisa maximum. AccordingJy,theseproducts&e

computed at$" intervalsand themaxima arecalculated,Two setsof tablesaretheoutputfrom this

subroutine. The first table comesout optionally if the boolean NONUDF isset to FALSE. It contains
all the details of the computations. The secondtable consists of the summary of resuJts, with noteson
the maxima and the locations. The following are the prolprammed equations:

At any angle P the Poisson's ratio is computed by

The ply Poisson's ratio is given by

F vn2 ( l ÷ 2_?I2
EO.2 2

The difference in Poisson's ratio between the/th and U + I )th plies is given by (_ ! - e/_), am/the
difference with respect to the composite is given by (_ - ee_r).These are stored in the arrays A2 _d
A3, respectively. The products of KI_, Ktyy, and K't_ with ,_ are computed next and are stored in
the arrays AS, A6, and A7, respectively. The maxima and their location in each of the four qmldrlu_
(0-90, 90-180, 180-2"/0, and 270.0) are computed by callins the subroutine AMAXF for the three

arrays AS, A6, and A7. The values of stressconcentration factors are passed throu&h the hthek_i
common block [L.4_B8 from the subroutine STRCNF.

Subroutine M$CBFL (AINF).--A complete laminate failure stress analysis, based on fn'st-ply
failure and the maximum strength criteria, is performed in this subroutine. The inputs to this routine
are the ply allowables Snlc, StilT, So.2C, Srzlr, and $fl_ and the ply influence coefficient
AINF. The ply stress allowables are generated by the INHYD routines and are stored in the ply
properties array PL. These are accessedthrough the labeled common block ILAB2. The ply smm
influence coefficients are generated by COMSA and the main progt'am and are passedto the preseeut
routine by the subroutine argument.

The failure stressfor a particular ply due to a specific loading is given by the ratio of the allowable
strength to the ply stress influence coefficient. For example, the failure stressdue to a tensile load is
given by

where Factli is the stress influence coefficient for/th ply due to unit tensile loading, _ellr is the

strength allowable for Ah ply in longitudinal tension, and S_is the failure stressfor the/th ply due to a
tensile loadinll. The failure stresses are stored in the matrix FAILD. In the case of

temperature/moisture presence,the allowable strenlghs are updated to take into account temperature
or moisture stresses;the failure stressesare computed with and without the effects of temperature-
and moisture-induced stresses for comparison. The program considers primarily five different
loadinss, Ion_tudinal compression and tension, transverse compression, and tension and inplane
shear.

After the failure load computations for each ply are determined, the active failure mode and the

corresponding failure strength for each type of loadinlg are determined by calling the subroutine
AMINF. This subroutine returns the value of the minimum failure load, the ply number, and the
failure mode as output. The output from this subroutine is printed under the head inS LAMINATE
FAILURE STRESS ANALYSIS.

Subroutine MCRSTR.--This subroutine generates the mi_ostresses in the ply constituents due tO

the inplane loading. These ate stored in the ply microproperty arrays PLMP and Pl.MS for the
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primary and the secondary composites. The ply constituent properties and the applied loads are
inputs to this subroutine. They are accessedwith the _,id of the common blocks PBANK, MFBANK,
ILAB2, ILABS, and [LAB9. The PLMP and PLMS each contain 41 entries which are explained in
the following list:

Code Alttbralcnotation Fortrsmvarlablt

name

PLMfI,D emil/. SMIL

PLM(2.I) o,nli 7" SMIT

PLM(LI) oflzL SFIL

PLM(4.[) o/liT SFIT

PLM(LI) ¢(,aA)2_ SM2AL

_(A)PLM(6,I) _m=7" SM2AT

PLM(Td) SmnL

(n)
PLM(8.[) omz2T SM2BT

PLM(9,I) o_ SF2BL

PLM(10,I) _._7 SF2B'F

PLM(I 1,I) a(m_)/. SM3AL

(A)
PLM(12.I) _,.33T SM3AT

(B)
PLM(13,1) a,a3)/. SM3BL

(ii)
PLM(14,1) °,a33/" SM3BT

_(B)
PLM( 15,I) "jq 3/. SF3BL

_(n)
PLM(16,I) _)r SF3BT

PLM(17,[) _t)2 " SMI2A

PLM(18,I) #_2 SMI2B

PLM(19,1) _ SFI2B

PLM(20.1) o_L)3 SM 13A

PLM(21.1) o_I 3 SMI3B

PLM(22.1) ,_al)) SFI3B

PLM(23.1) _) $M23A

PLM(24.1) "_h SM23S
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(B)
PLM(2$.D _p_

PLM(26.D _mli

PLM(27.1) ell!

PLM(28,1) _2_

PLM(29,1) _

PLM(30,1) _,_

(A)
PLM(31.I) _,-33

PLM(32,1) _3)3

PLM(34,1} ¢,ni t

PLM(35,1) */11

PLM(36,I) _2

(B)
PLM{37.I) _,a22

PLM(38,D _

(A)
PLM(39.1) _,n33

PLM(40,I) ¢,-33

PLM(41.1) a/]3(B)

Microsttesses due

to tempetat_e
gradient a_

Microstresses due

to moisture M r

SF23B

SMI ID'I"

SFIlDT

SM2ADT

SM2BD'r

SF2BDT

SM3ADT

SM3BDT

SFJBDI"

SMIIDM

SFI 1DM

SM2ADM

SM2BDM

SF2BDM

SM3ADM

SM3BDM

SF3BDM

In thislist.entries26 to 41 ate suppressed automaticallyifthe temlXCtture gradientsand moisture

contents ate not present.The sucg_'scriptsA and B referto two rcIDOnsas describedin figure4.

The microstressesare calculatedwith the aid of the followin$ equations: (For notation and sip
conventions,see figs.4 and 6.)

Ply microstressesdue to a longitudinalstressotll are given by

_',,,ll = (E,,,/En 0ca:

_q : = (E_ql / Ea m)qflz

(A)
_.,_ = (_., - ,n 2)(E,,/E ! i)¢fl !

a(B) (B) I - _(r(A)
mZ2= a/22 = _f "_

(A) (A}
O'm]3 = O'm_"
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(B_ (B)
O'mj] = O'm2,?'

Ply microsuessesdue to a transverse stresso_ are given by

[
Oral I = L_m

°_' : ('m-'n'_)°_En,

(A)
_,_ = (Em/ Ez)er_

(B)
am_Z= (Er_l Ez)or_

(B)
o_2 ffi (Er._IEz)Qr_

where E2 is given by

Ez=(l - _/) E. +

(A)
o,,,33= (vmlvr_l)(Em/Er._)or,..2

(§1 ! -- _ (AI

o'Mj }u . "_'f qmJ$

Ply microstresses due to inplane shear stress(oaz) are given by

(A)
°_!2 = (Gm/ Gt2)_fl2

or(B) -,,,,2= (Gflz/ G_z)onz

a_lB)
2 = (Gez/Gt_)en2

where Gt2 is given by
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erA)
m,J "(O,,/Ot2)en3

Ply microstressesdue to (hrouJh-the<hickness shar stressom are _ven by

(B)
q,,,_ - (G_j/ Grjj,_m

where Gz3 is igven by

G_I ==

G/u/

(B) (B)
a_3 = omZJ

Ply microstressesdue to temperature gradient &Ttate liven by

°mr, = (=n I - =,m)ATt£_

°.n, = (=n =- =,n=)_ T_',n t

(A)

(B) _B) _. _ _(A)

O,nZ2 = =r/-_. = Vkl "mZ2

(A) (A)
Ore3) ==Ore22

(8) .(B)

am3) = "//22 A3-37



PINF(10,K,NLD) a_3 SM33A

PINF(I I,K,NLD) ,',,,33 SM33B

PtNF(I 2.K,NLD) *_qt SFI 1

PINF(I 3, K.NLD) ._.82)2 SF22B

PINF(14,K,NLD) (B)"133 SF33B

PINF(15,K,NLD) *ll2 SFI2

PINF(16,K.NLD) */]9 SFI3

PINF(I 7,K,NLD) (B).1-_ SF23B

The dimension K varies from I to NMS, where NMS is the amber of materinl systems. NLD
varies from 1 to 7. The expression NLD = i to 5 refers to unit applied stresses in i 1, 22, 12, 13, and
23, respectively. The expression NLD=6 corresponds to unit temperature loading, and the
expression NLD = 7 corresponds to unit moisture loading.

The microstress influence coefficients are computed for secondary composites and olxionally
computed for intraply hybrid composites. These are stored in the maL,-ix SINF.

Subroutines AMAXF, AMINF, LOGO, and LOCK)2.--These subrou_inm perform several
auxiliary duties. AMAXF finds the maximum value of a one-dimettsional array and. its location.
AMINF finds the minimum value of a one-dimensional array and its location. These two subreufinm

are utilized by MSCBFL and NUDIFS in conjunction with searching for failure loads and the
probable locations of delamination. LOGO is a subroutine to generate the leAN emblem for the
output. The description of the material and the structural coordinate system by appropriate figures is
senerated by the subroutine LOGO2.

Subroutine INHYD.--This subroutine generates the composite ply properties, necessary for the

laminate response analysis. The inputs to this routine are the constituent properties which are
supplied in the appropriate format by the subroutines IDGED and BANKRD. INHYD cabs the

subroutines FIBMT, COMPP, and HTM to perform the micromechanic, analysis, including the
analysis of hygrothermal effects. The ply properties _ stored in the array PROPS, which is accessed
by the main program through the labeled common block PBANK. INHYD is called once for each

different materiai system by the main program. The outputs of INHYD show the properties of the
fiber, matrix, and composite.

The fiber and matrix properties for thepri_ composite are read in from the input provided by
[DGER. These are stored in arrays PF and PM. Similarly, the arrays SF and SM are used to store the
properties of secondary composite constituents if the composite is of the hybrid type. The program
then checks for temperature and moisture. The properties of the matrix are updated for the premtce
of temperature and moisture. The following are the equations programmed to account for the
hygrothermal property degradation:

The wet glass transition temperature is computed from

r,., =(o.0o m -IMe+l)rz ,

where 7"s. , is the wet glass transition temperature. 7"_raris the drygiass transition temperature for the
resin matrix, and M e is the percentage of moisture by weight.

The reduction factors X,,,p and Xtp are Computed from

= (rz., - (r,a,- 7"o)

Xtp = !/X,,ta

where 7o is the reference temperature (70 "F), and Tu is the use temperature.
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Ply microsuesses due to moisture Me are given by

ffi( nl - B,,,)MtE,,,

o/11 = _n IMtE/11

1 - _ (A)

(9) "-_f am22
O'm22 m --

(A) (A)
O'mj3 ffiOre22

(n) (B)
_m)3 m ¢m22

Subroutine MINCOF.--This subroutine gencrata the mio'ostrm inflmm_ coefficitmu for eadl

different malerial system used in the iayup. The equations used are _ to those proigammed for

MCRSTR. However, the influence coefficienu are bgsed on the applicaUon of unit load in a specific
direction or unit temperature difference or unit moisture e.,onta_. The iaflmm¢_ coefficients are

stored in the matrix PINF. This matrix has 17 ¢mria. They arc delaa'ibed in the following li_:

Entry Algebraic notation Fortran varmble

PINF(I,K,NLD) _,ntl SMI l

(A)
PINF(2.K,NLD) ¢m_ SM22A

(s)
PINF(3,K,NLD) o,n= SM22B

PINF(4,K,NLD) o_1)2 SM i2A

PINF(5,K,NLD) o_ 2 SMI2B

PINF(6,K,NLD) o_!)3 SM13A

PINF(?,K,NLD) _13 SMI3B

.(A)
PINF(8,K,NLD) "_23 SM23A

(B)
PINF(9,K,NLD) am_ SM23B
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The moduli and strengths of the matrix are multiplied by X_p to obtain the new properties for the
matrix. The density is given by

The thermal properties, such as heat capacity, theT_uJ explm.lioa coefr_em, and themml
conductivity are multiplied by the second factor Xtp to account for the h_al condidoainS,

Aher the property arrays PF. PM. SF, and SM are properly f'd]ed, the prolPmm chooseseith_
FIBMT or HTM subroutines to perform micromechanics. The subroudae HTM b chosm it
temperature/moisture effects are to be taken into consideration. Othenvi._, HBMT is chosen for dry

room temperature property computations. The outputs from these routines are primary and
secondary composite ply properties. They are stored in the arntys P lad S, respectively. These
properties are made common to subroutine COMPP through the common blocks ILABI and
[LAB3. The subroutine COMPP is called by INHYD for hybrid compositesto compute the hybrid
composite ply properties. These properties are stored in the array H. One of the Irrgys P, S, or H are
passed to ICAN via common block PBANK and the array PROPS. For example, if the ply is made of
I00percentprimarycompositeonly,themy PROPS isassilmedtohavethesame entriesasP,etc.

The subroutine[NHYD alsocallsFLEXX, whichperforms• flexuralstrenlphumlym. However,

theseareonlyforadditionalinformationand arenot usedby ICA_I atthepre_mt time.

Subrombee FIBMT (C, ¥, M, VF, VM, VP, KV, IFLAO).--This subroutine 8eaerates properda
of a ply by using the constituent properties which are supplied from the subroutine INHYD. The
constituent properties are stored in the arrays F and M; F contains the fiber properties, and M
contains the matrix properties. The composite properties are stored in the array C, which is returned
to INHYD. The theory behind the programmed equations is discussedin referen_ 13. The followial
is a description of each entry in the arrays C, F, and M, with the corresp_ algebrtic notation:

Composite Properties Array C(I)

Entry Description Notation

C(l) elastic moduli Enl
C(2) elastic moduli Er22
C(3) elastic moduli E_j3
C(4) shear moduli Gn2
C(5) shearmoduli Ge23
C(6) shearmoduii Gtl3
C(7) Poisson'sratio _'r12
C(8) Poisson'sRatio _r_

C(9) Poisson's Ratio J'n3
C(lO) thermal expansion coefficient _n I

C(I 1) thermal expansion coefficient "o.2
C(12) thermal expansion coefficient arj3
C(13) density ,ot

C(14) heat capacity Ct
C(15) heat conductivity Kn I
C(16) heat conductivity Kr22
C(I 7) heat conductivity Krj3
C(18) strength Snir
C(19) strength Stl_C
C(20) strength 5r22r

C(2l ) strength 5e22c
C(22) strength Sfl2
C(23) moisture diffusivity Dn !
C(24) moisture diffusivity Dp..2
C(25) moisture diffusivity Drj3
C(26) moisture expansion coefficient _'fll -
C(27) moisture expansion coefficient _r',2
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C(28) moisture expansion coefficient B_3
C(29) flexural moduli En l
C(30) flexuraJ moduli Er22
C(31) strengths(flexural) SO
C(32) strengths (flexural) 5n IF
C(33) strengths (flexural) Sr22F
C(34) strengths (flexural) Sn=
C(35) ply thickness tt
C(36) interply thickness 5t
C(37) interfiber spacin| _s

Fiber Properties Array

Entry Description Notation

F(I) elastic moduli E/1 !
F(2) elastic moduli El22
F(3) shear moduli

F(4) shear mod_ Gj,22
F(5) Poisson's ratio J',q2
F(6) Poisson's ratio v/.23.
F(7) thermal expansion coefficient a/! !
F(8) thermal expansion coeffident a/2 2
F(9) density D/
F(IO) number of fibers per end

F(I 1) fiber diameter ff/f

F(12) hem capacity C/

F(13) heat conductivity Kfll
F(14) heat conductivity K]22
F(15) heat conductivity K./.33
F(16) strength S/T
F(I 7) strength S/C

Matrix Properties Array

Entry Description Notation

M(I) elastic modulus Em
M(2) shearmodulus G,.
M(3) Poisson's ratio _',,v

M(4) thermalexpansion coefficient am
M(5) density o_

M(6) heatcapacity Cm

M(7) heat conductivity Km
Mr8) strength S,,, T
Mr9) strength SmC
M(10) strength Sm$
M( i l ) moisture coefficient _m

M(12) diffusivity Dm

The following are the programmed equations for the entries in array C:
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Normal moduli:

_n,=k:E:,+_,,,E,,,

E_= E,,,
l-,,k:(l-E,,,/_:.n.)

Erj3= Er_2

She_r modull:

Gfl 2=

G m

Gfl3= G82

G m

G r_3 "

Pois,5on's Rllio:

_'nz= ",, _"k'./'O':z - _',.,,)

vfl3 = I,n2

Coefnct_u of t_'m,,_ ex_s_o.:

_1 =
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,,m=a,.(1-4Ff)

ot33= c_r22

Deuity:

De" _ot_f+ a_lel

Hem _Ktvl:

Ct" (IcIC_'f'¢"I:,.C,,_,,)
Dt

Heat conduet|vltl_:

Kni =kfKnl + k,,,Km

zcm . (l - _'f )x,. + !<_,

KrJl = K122

In the preceding equations, K,. should be replaced by

!c,.- (l - vT.)A'.,+

il' there are voids. The quatnityK, is the voidconductivity,

Strenl.hs:

The longitudinal compressivestrength is computed based on three different criteria, rule of mixtures,
fiber microbuckling, and delamination. The minimum of the three estimates is returned as $fl tC. The
equations for the three casesare
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s.__.truleormixtures)= sf,.(tf+k,,,E,,,/£nz)

Stlc (delamination)= (IJSn2+ Smc)

F2G,.

5,1=C(fiber microbuckling) =

The transversestrengths are calculated t.rom

3r_ T = 3m F(FACT/DENOM)

Sr_c= Sme/DENOM

Sn2= [(F, - l + G_/Gt12)F2Ga2S.u ] FACT
G,.F_

where F I and F2 are defined by the equations:

F2=I

The variable DENOM is a Fortran variable given by

I < ,DENOM= l-v_/ I-E_--_ 'N/l+_e-l)+_(_-l)Z

where _ is given by

F I -

F I - !

The Fortran variable FACT takes the value km it" [FLAG is unity. Otherwise FACT takes the value
unity. This variable is introduced to correlate the strengthsof HMS and Key|at fiber ¢ompos/teswith
the experimentally observed values. The main program [NHYD checks for these fiben and assill3=
the appropriate values for [FLAG. [FLAG is set at zero for other fibers.
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Moisture d|ffmdvttJes:

Del ! = k,,_m

Dm= (I- '_f)Dm

Dr33 _ D_.2

Moisture expansion ¢oeffldents:

_n J - _,,,k,,_',,,/En i

_t33 _ Be22

Flexural moduU _'n t,,,, £_,'):

Etl lFmEfli

EO.Z.r" .n'O.2

Sf23F"

Flexund Strensth:

G m

c,,,,¢,

s_= 1.5Sn2

Ply thickness: A default vslue of 0.005 is set for te This is overridden by the user specified value in
the ICAN main prolix'am.

InterpJy thickness tad interflber qmcius:

6e- -2 2

_"5 t
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Subroutine HTM (C, F, Air, I/F, Vii,#, I/y, IFLAG).--This subroutine I=wntta the
hygrothermomc_haaical properties b_ed on the theory proposed in referm_ 15. The subroutine is

calledonlyifnontrivialentriesforthe usetemperatureand the moisturecontent('r.#?o "F or

nonzeromoisturecontent)arepresent.The equationsprogrammed iremostlythosediscussedinthe

subroutineFIBMT description.Therefore,onlythe equationswhich are differentare mationed
here.

Mo_cul expansion coeffki_tl:

,/_'_r_ +(l- vT/)E.J

Brj3=/_ t,2.2

Strengths:

........;=,;,,:,o(,_ <,_
'=,,"tff)

FACT

,- (_'_.:I_,)

(_
Sei2= \ G,,, / Get2 ' FACT

( _S_F: \ O,,, } ,- (._'_,.,/o,_,)

Sn2F = l..4;Snl

In the prececlingequations, FACT is a Fortran v&iable which is given by

FACT =6/6/

for Kevlar and HMS fibers. For all other fibers FACT- 1..

Subroutine FLEXX (O.--The entries (2(32) and C(33) of the ply property array C are generatedin
this subroutine. They axe, respectively, the longitudinal flexural strength and the transverseflexural
strength. The longitudinal flexural strength is given by
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2.$Sn i r

s""il ÷
Salc/

The transverse flexural strenl_h is given by

, .

2.SS_r

(l+ s c)

Subrowine COMPP (IPFL4G, ISFLAG).--This subroutine is called by INHYD to lenerate the
properties of a hybrid ply. The equations are based on the theory proposed in reference 13. The
properties are stored in the array H. The entries are, howev_, the same u tbo_ of array C _ in
the description for subroutine FIBMT. "/'he inputs to this roudae arc the primary composite

properties array P, the secondary composites property arrayS, and the pro:creaSe of the secondary
composite k_. The equations are the follo_ni:

D_ n_ modldJ:

Ea,(H)- Ea,(P) + [£a,(S)- En _(P)lt_

Era(P)

Era(H)- l + k_F_m(p)/Er_(S )_ 1]

Era(H) -Era(P) + [Em(S) -Em(P)]kx

Shear moduii:

Ora(P)
Gr_j(H) =.

GIn(S) /

Ga2(P)

Gnz(H) =.

Gn2(P) /

Gn3(H) ,, Gn 3(P) + ksc[Ga3(S) - Gn 3(P)]
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Poisson's rstios:

,n 2(H) = un2(P) ÷ ks_,n 2(S) - pn2(P)]

_n_(H) = ,n 2(P) + k_(,n2(P)- ,n;(S)]
(z - k_)[Em(P)/E_3(S)] - _x

,,r,j(H) = .'re(P) + k_,,t.,j(S) - ,'re(S)]

Coefficients o! thermal expans/on:

""n 1(P)+ k_{an z(S)En] (S)/En t(P)] - atl l(P)}

=nz(H)=

En 1(S)
, ÷k_rcIEn-"_'-_ ')

l I_ ,n,(H)Ea,(H)an ,(H) + (l _ ksc)Eo,(p) [aa:_p) + ,a,(p)aa,(p) ]

- vn2(H)a fl I(H) - Fm(H)an3(H )

Density:

,o_H) = (i- kx.),,f(P) + k_s)

Heat capsetl,/:

CKH) = [(] - ksc){C/(P)k/(p)Dflp) + C,.,,(P)k,,..(P)a,,,(P)]

+ k_[C/(S)kl(S)D/(S ) 4. Cm(S)km(S)#m(S)l

+ [k/(P)k.(p)+ ksck,(S)lM_).tCms, 1/pt(H)
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where O_mand C_t are the moisture density and heat capacity, respectively.

Heat coaducflvitJes:

xe z(H)- (! - k,_)[k/(P),Ce_(P)+ km(e)X'.Ce)]+ k,dk/(S_Cez(S)+ k,,(S).C.dS)J

(z- ÷Ko_(P) =
l - _/k/(P)[l - KIn(P)/g/zz(e)]

- ,/k/(S)[_- K,_S)/Kr_(S)!

Kr_(H) = K_'2(P)
l - k_.[! - Ke22(S)/Ke22(P)]

Km(H)- Kr_H)

The void conductivity K, with moisture content M is liven by K, = MA"m=, If there are voids in the
primary composite, Am(P ) in the precedinli equations for heal conducUvitiu hi replaced by

_c.(P)- [! - _]x.(P) + k,_'_P')x'_.p)
[1-.Jk,(p)l[Z - K_P)/K,J

Similarly, for the secondary composite, K,n(S) is replaced by

K.(S) - [! - 4_31X.(S) ÷ 4_'_')A'.(S)
[l - Vk.(S)]{Z-/C.(S)/XJ

Strew_hs.--The lonsizudimd strengths are basedon the rule of mLxtures:

8n_r(H) = Sni r(PX! - k=) + SnJr(S)k_

Sn Ic(H) = ,Telzc(PXI - k_) ÷ Set!¢'(S)k_c

The followin8 are a few inzerrnedime variables defined for convenience in the evalumion of
transverse strengths:
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S.c=minfS_c(e)andS.c(S)]

S.r-min[S.z_)andS._(S)]

S.s=rninlS.s(P)areaS.s(S)I

FACT 1 = kmOP) (for HMS and Kevlar fibers)

FACT 2 = kin(S) (for HMS and Keviar fibers)

FACT 1 I, FACT 2 - 1 (for all ocher fibers)

k ) _.(e)

S_S)- e_S) Era(s)/J

]- _,,_s_s)(__._s)Er_s)/

s,,,(s)

*.<,',_Jj

E.dS)

_/-_(s)/ J

D'=I_OMP=_- _ (_- E,,,(l>)] ,3__/-- ÷ _iT_p- i) + ]('_p -Ill

/
Era(S)DENOMS - _- _ (_- ,d

m

I
l +,j(_,,- l)+ _ (,p,- ll_
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The transverse and die shear stren_ of M_orid composite= are jiven by

P_ ,<..e^_ 1
S_r(H) = _22(H) LEm(P)DENOMP Em(S)DENOMS J mr

(_-k_) ,_,
Sine(H) = EDA(H' [Em(p)DENOMP + £e_(SiDmqO. ] smc

$nz(H) = 25nl

[._Gn:l(P) FAC"I"I

a--7_J

+

_---_2_s_FAct2 - _/j

,- k,k_sl(_-a.csl_t_/

Moistm diffmlv_:

l - _ +k,(P)

Di(S) =
1- ,,k'i'_i')+k,(s)

(i - ,_T_'3IDt(S)

Dn =(H) = (l - k_)k.,(P)D_(P) + k_dcm(S)D_S)

o=<,-,>-<,-,,=>[,-,,"o_]o_,',+,=[,-_,_>]o_s>

Dtzz(H) = Dezl(H)

MoLcm It ¢ocffld_ts:

km(P)a=(P)Em(P)
_n =(P)= kf(P)E/_ =(P) + km(P)£m(P)

km(S)am(S)Em($)
an I(S) = kf(S)Efl i(S) + k.($_'_S)

am(P)=ae(P)[l- kC_P)] It ,,,I,- kflP)k=(P_E# i(P) 1
E/I ilP)+ kmlPI[E_(P) - E/I I(P)]
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[(! - k_m(P)8_(P)Em(P) + kwe_(S)Bm(S_'m(S)l

fin ](H) = £n,(H)

BIn(H)= I- ,n3(H)EmOn_n_(_ + (l - k_)Em(P)[n_) + ,n3(mnn,(P)]+ e._m(S)_n:O')

+ ,n3(s_ni(s)l]/en3tl-n

+,n2(P) = ._¢(P) + k_P)[w/t 2(P) - ..(P)]

_n2(s)=,_(s) + k/(s){,_q2(s)-,.(s)l

+,re(P) - _m(P) ÷ k/(P)[.f_(P) - .,,,(P)J

,re(s)= ,_(S)+ k/(S)[_m(S)- ,_(S)J

Om.(H) = (1 -k_)[Sm(P)(l + _o2(P)) + ,n2(P)an t(P)] * k_J_m(SXl + _ndS))

+ _'n_(S)_nt(S)J - ,n_(H)_ n _(H) - _m(H)_m(H)

Fiexund modufl:

Ent_H)=Ent(H)

Em._H)= Era(H)

St_H) = 2G_(H)
lr

Vlexund strenstlu:
t

Ga3IP) 1- 1

++..o. l,-
Gr23(S)

-_/

Sin(S)

Snzs_H) = I.SSn2(H )
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Fiber volume ratio:

k/u>=

SulwoutMes BANKRD and IDGEit.--These two suhroufimm do _ to generate
compatible input data to the suhrouUne INHYD. The subroutine BANgRD is card fitlt by the
ICAN main program. The input to this routine is primarily the dgut supplied On the matclgJ_ cggd

MATCRD by the user. These cards indicate the coded nama for the fiber and matt_, the qnalume
ratios of primary and secondary composites, and theft respegUve fiber, and the matrbt and void
volume ratios. The subroutine BANKRD has its own data base conulb_all the properties of fibers
and matrices of commonly used materials. This database is assigned to input unit $. It is mtmed
FBMTDATA.BANK. The output of BANKRD age the arrays PF1a, P_, PMP, and PMS. The
enmes in PFP and PES are the fiber properties of primary and seconcbtgy com_¢situ. The emrfu in

PMP and PMS are the matrix properties of primary ana secondary compos-, _:. These m'ra_ ate
made common to the main program and the subroutine IDGER through the ;__.-.etedcommon block
MFBANK. The entries of PF and PM arrays are explained in the following list:

Fiber Property Arrays PEP and PFS

Entry Description Notation

l not used

2 fiber density Of

3 normal moduli Eflt
4 normal moduii E/-_
5 Poisson's ratio vfl2

6 Poisson's ratio vp.3

7 shear moduli Gft2
8 shear moduli Gp.j
9 thermal expansion coefficient aflj

lO thermal expansion coeffident czj,_

II heat conductivity K/11
12 heat conductivity Kf_2
!3 heat capacity C/

14 strengths St'/"
15 strengths Sf¢
16 not used ....
17 not used
18 not used

19 not _ ._.

20 number of fibers per end Nf
21 fiber diameters d/
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Matrix Property Arrays PMP and PMS

Entry Description Notation

1 not used m

2 density on,
3 normal modulus E m
4 Poisson's ratio vm

5 coefficient of tl_a'mai expansion am
6 heat conductivity K m
7 heat capacity Cm
8 tensilestrength Star
9 compressive strength Smc

10 shear strength $m$
! 1 allowable tensile strain _mr
12 allowable compressive strain _mc
13 allowableshear strain _m$
14 allowable torsional strain emTOlt
15 voidconductivity K,
16 glass transit/on temperature Tag.

The coded names for the fiber and matrix are stored in the matrix CODES by the main
The entries in CODES are explained as follows:

CODES(I,I,I) coded name of primary fiber
CODES(1,2,1) coded name of primary matrix
CODES(LId) coded name of secondary fib_

CODF.S(2,2,I) coded name of secondary matrix

The subroutine IDGER takes the information generated by BANKRD and arra_eu It tn a Imapef

format for the subroutine INFIYD. These dar• are transferred to input unit ? prior to callin!
INHYD. These data are purged at the end of the program execution.

Data Base FBMTDATA.BANK.

The constituent properties data base is a unique feature of the ¢ompute_ code ICAN. Its primary
aim istoreducetheburdenon theuserby preparingproglcrlyformatteddigitfortheIgcqlglllhThg
useronly needsto specifythecoded names forthe fiberand matrix,The format of thedata it

explainedinthissectionso as to enabletheuserto introducenew contentsor to modify existin|
entriesas appropriatetohis/herneeds.Data forfourfibersand threematricesareprovidedinthe
presentpackage,

The fiber properties are arransed in five physical cards of 80 column length. The first card contains
a four-charact_ code name of a fiber in format A4. The second to the fifth cards start with • two-

letter mnemonic to indicate the type of properties that follow. The format on any of these cards it
A4, 7E10.3, except for the second card. The second card is in the format A3, 16, _glO.3. The

mnemonics FP, FIE, FT, and FS stand for fiber physical, elastic, thermal, and strength-cehlted
properties, respectively. The entries on these cards are explained as followsl
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card I

card2

card]

card4

card5

fourcharactercoded name forfiber

FP:#f,a/,_,f
FE:E: l, E_, "/:2, "/_, 0:2, OK
FT; ,',:j, c,:-n,K:qz, Kl-n, C/
FS; $.Fr,$/c (Theremainingentries are open for future modifications.)

The matrix propertiesare arranged next after the line OVER END OF FIBER PROPERTIES. The
properties have essentially the same format as those for fiber property cards. There me, however, six
physicalcardsforeachmatrixmaterial.The mnemonics _ areMP, ME, MT, MS, and MV. They

stand for matrix physical,elastic,thermal, strength-related,and misc_aneous properties,

respectively.The format forthe firstcardisA4, and the format forthe restof thecardsisA.I,
7EI0.3.The entriesineachcardareas follows:

card I fourcharactercoded name formatrix

card 2 MP;#m

card3 ME; -#'m,_/m,arn

card4 MT; K_ C,n

card $ MS; SmT, S,,,O Sins, e,,,T, e,_C, eroS,emTOR
card 6 MV; K,. T,d,

The data base presently contorts properties for T-300 0"300), AS graphite (AS-), S-Glass (SGLA),
and HMS (HMSF) fibers. The available matrix materials are hifh-modulul, high-strength (HMHS),
intermediate-modulus, high-strength (IMHS), and intermediate-modulus, low-strength (IMLS)
matrices, which are epoxy-wpe resins. The complete list of properties is shown in _elSnS,dix C.

Lewis Research Center

National Aeronautics and Space Administration
Cleveland, Ohio, October II, 1985
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Appendix A
List of Code Identifiers

Engineering
symbol

acz

BIDE

c=

Cel

COMSAT
CSANB

Ocx

o:
Do

l,fl l,mll

G./12,f12,m I l

E,,,,£_
sj

kc

Kcxz.cxj, ,e.rT,

K¢I l,cZZ.c3$

Kf.v

Kfl l,n i,m I !

KIJ=,lyy. Lt7
t:.m

La.
Mcx

M cr,x
McM_

N_

NcM_r

Nor,+
Nf
Nr

Fortran

symbol code

ACX

RAC
Boolean
CPC

RESF
DISP
Boolean
Boolean
FTC

RDC

DIAl:

DISV, DISVI

ECF

EFI I,ELI I,EMI I

EFI2,ELI2,EMI2

ECL
ECM

PL(9,1)

CHK
HHC

l,J
HKI 1.22.33

HK i 1,22,33

KF, V
CHK

XKI,XK2,XK3
KFB,MB
KFL,VL
LSC
MBS
MSDT
MSDH
M
NBS

NSDH
NSDT
NFPE
NL

Comment

composite axial stiffness; 8enerated in subroutine
GPCFD2

reduced axial stiffness; computed in subroutine GPCFD2
true if interply effects are included; input
composite coupling stiffness; generated in subroutine

GPCFD2

string with force variables in BLOCK DATA

string with displaeement variables in BLOCK DATA
true if COMSA is executed; input
true if membrane and bending symmetry exists; input
composite flexural rigidities; generated in subroutine

GPCFD2

reduced bending rigidities; computed in subroutine
GPCFD2

filament equivalent diameter; input
displacement vectors; DISVI is either read in main
program, or is generated in subroutine COMSA

filament elastic constants; input
filament, ply, and matrix normal moduli; filament and
mazrix moduli input

filament, ply, and matrix shear moduU; filament and
matrix shear moduli input

ply elastic constants; generated in submarine INHYD

matrix elastic constants; generated in subroutine INHYD
interply distortion energy coefficient; Imm_ued in main
program

array of constituent heat conductivities; input
composite heat capacity stored in PC(18) and PC($4)
index; generally ply or interply
composite two-dimensional heat conductivities in PC(g1)

to PC(53)

composite three-dimensional heat _nduetivtties along
the material axes in. PC(IS) to PC(17)

apparent fiber and void volume ratios; input
seeHtc
stress concentration factors ienenued in STRCNF
actual fiber and matrix volume ratios
ply apparent fiber and void volume ratios

array of limiting conditions; input
applied moment; input
thermal moments; generated in GPCTD2
hygral moments; generated in GPCFD2
load condition index

applied membrane loads; input
hygral force: generated in GPCFD2

thermal force; generated in GPCFD2
number of filaments per end; input
number of plies; input
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,re
Nm

N=
tv=
NONUDF

_f,i.p, tJ

R
RINDV

Sfll?._¢.

tt

web

a/Am

5t

_f

et, Oe

PI12. N2. m12

f

Ol.m.t

o a,,

ot

NLC
NMS
NPC
NPL

Boolean

PC

PROPC

PL

PROP
QF,I,P,R.S
R
Boolean

PL($1) to PL($9,1)
TL

w,=
CTE

VAF ,AL,AM

VCF

BTA

BET

PL(8,1)
UX

EPS,PL(74) toPL(66,1)

THCS

THLC

NUFI2,LI2,MI2
PIE

RHOF.M,L

SF, SM

XPL,XSL,Y1PL,YSL

SIGL,PL(67) to PL(69,1)

number of load conditions; input
number of materiaJ sysmm; input
string PROPC lenlph; input
string PROP lenl_h; input
T (true) if Poisson's ratio difference chart is to be

suppressed
composite properties array; generma_ in GACI_am/
GPCFD2

string PROPC; compositepropertyidmfir in
GDCFD2

ply property army; portions generated in all pmlm of the
program

string PROP; ply properdm idmdfiers in maun
indices to print out string PROP
transformation matrix; GACD$, GPCFD2, and COMSA

T (true) if displa_u ate read in; input
ply limit stresses;_ in G_
ply thickness; input
composite local curvatures relative to the _
composite coeffi_ent of thermal_gMmsion;

dimensions/in PC(12) to F_(14), two-dimensioml in
PC(48) to PCO0)

f'damem, ply, ud matrix rJ_'mM coeffidems of
expansion; input

correlation factors for ply d_zmoelamJc pro___Jl
strain magnificafioa faators; sa m unky in COMSA

correlation factors for ply hem conductivity; set to unity
in COMSA

corremion factors for ply strength; set to unity in
COMSA

interpiy layer thickness; Ilenerated in INHYD

reference plane membrane strain; solved in terms of Nor
or input

ply str&ins;genermed in COMSA
angle between composite maunrial and structural axes;

input

angle between ply mmeriM and composite axes; input
filament,ply, and matrix Poisson'sratios;input

constant; input
filament and matrix weight density; input and genenued
in FIBMT, HTM, and COMPP

microsxresses in fibers and mmricm I_nerated in
MCRSTR

boundary zone decay lenlBh; immued in the main
program and paired to EDGSTR

ply stress; generatedinCOMSA
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[tin 3

ICtN
IMPUT Otrt |¢N0

POUl PLY SYlqlerrtI¢ LUlgNAT|. I_R S.UqPL8 DEPOT DATA.
sTDATA t 1 2

T COMSAT
P CS&NI

iIH
; IINOV
T NONgOf
PLY I t 7|.08 98.0 .| ;.|
PLY 2 Z ?i.ii 7i.i .i 9i.i
P_Y 3 2 ?|.gO ?|.8 .0 90.0
PLY 4 1 7i.tO ?O.O .| |.|

_tY¢t0iSo-g_S .SO .|Z ASooIHLS i.I .$?
_AT¢N0SOLAHP44S .$S .|l AS*oIHNS 0.4 .57

PLOAO 10tO. i.i i.l i.i
PLOAO 0.| 8.0 0.0
PLOAD 0.0 0.0

.|Ii

.lOS

.tiS

.010
.iS
.81

NX, NY, H)_Y, THCS
ffX,_Y,/_FY
_gc_ix, DFTYsCY, PtSS

Item 4

S U M M A R Y O ff _[ N P U T O A Y 4

POUR PLY sYpgqrrl1c LAfl_NATO. %CAN S_qPL| INPVY DATA,

CASl CONTROL 0ECEo, ,,,m .L • "."
NUMSER 0P LOA0gNO ¢0NOZTTONS NLC • |
HUn|ILIt OF flATEAXAk SYSTIE/qlJ wqs T |

COMSAT ¢SAN8 8Z01 IZNOV NONUI_
T P _ p Y

- _ -. La_nZNtTI ¢ONFIOUttTION - * -
PLY _0 _gO 0ILTAT 0ILY_q TNRTA Y*N|S$

_Nm_OO_OO_He_'emHDoOO_O_OOO4HiJooOO___

PLY l _ 0.$0O O.|t 0.0 0.010
PLY 2 | i. JOO O.Ot 90.1 l.|JS
PLY $ Z i. OO| O,|Z 90.0 0.|0$
PLY 4 | 0.880 |.|g i.| i.ll8

mww_w_O_OO_Om_gm_m_4D4ntHori4p4[0484[aO_mH,m41D4p, in_m_NOOOm

- - - C0_*aSgT| ntretgtL SYSYE/qS - - -
m_m°H O_H_im_OOmO_mN_O_HO_mO_OO_H_O

_i_¢tO MID PIIMAIY vPP VVP SECONDARY VS¢ VPS vvs

MJ "_0 l tS--IHLS 0.$| 1.02 tS--:Fe_.S i.ii I.S? O.i$
MJ ._0 Z SOLAHfqNS O.5S O.il AS_gPMS 0.40 0.$? i.iZ

_m*OmO_O_O_OO_O_OO_m_n_OqDqlp_OOOWeB,,I_4Je4g4R_OgO_Wm_O_O_OOO_

- - - _o*ot_o COH0rT:O_S
_etSCtZitO L0tOS POt Y_I _0tO ¢ON|tTZ0N !
I_PL&NI kOiOS _X • |O|O.O|O| LIL_gN

_Y • o.eoee LR_gN
N_ • 0.OO0i LJS|N

||NOlNO LOA01J PlX • i.ilil LJ.XN/gN
ny • t.ieoo LJ.g_tN
_xY • O.tiiO LJ.ZN_gN

TtANSVEtSI LOAOS O_XSeX • 0.OO00 LJ_gN
_Y_iY • I.OOOO LJsgN

_taNSV|tS| PtOSSUt| PU • O.Oiii LJ/SO. IN.
_tt_svels[ P_|SSUt| PL • 0.00|0 LJsS_. IN.



Append B
Sample Input/Output

NB

Jg

gU

Kg

we SSSS$SSSSS CCCCCCCCC aAASAAAA NNN NNN

nn 5SSSSSSSSSSS ¢¢¢C¢¢¢¢¢CC iAAAAAAAAA NNNN HNN

a| 5555 ¢¢¢ AAA AAA NNNNN NNN

an 5SSS C¢C AA& iAA NNNNNN HNN

an $SSS ¢¢¢ AAA AAA NNNNNN NNN

an SSSS ¢¢¢ AAA iAA NNN NNN NNN

an SSSS ¢C¢ AAA AAA HNN HNN HNN

nu SSSS ¢¢¢ iAA iAA NNN HHN NNN

an SSSS C¢¢ AAA AAA HNN HNN HNN

eu 5555 CCC AAAAAAAAAAAA NHN HNN NNN

an 5SSS ¢CC iAAAAAAAAAAA HNH HHN NNN

ee SSSS ¢CC AAA AAA NNN NNN NNN

ue SSSS ¢¢C AAA IAi HNN HHN NNN

nu SSSS ¢¢¢ AiA AAi NNN HNN NNN

ii SSSS ¢¢¢ iA& iiA NNN NNN NNN

ug SSSS ¢¢¢ iAA AAA HNN HHNNNN

nu SSSS ¢¢¢ AA& AAA NNN HNHNNN

el SSS$ ¢¢¢ AAA AiA NNN NHNNN

ea 55$$55555S55 ¢¢¢¢¢¢C¢C¢¢ AAA AAA NNN HNNN

*u $$$SSSSSS$ ¢¢¢¢¢¢¢¢¢ iAA AAA NNN NNN
|g

ew

we

iN

em

El

el

gl

ZNT|ONATED ¢0HPOSrTES ANALYZB 8Y P.L.N. HURTHY
NASA LERC.CLEVELANB
SPT_SU lie3

te n

gig

lib

IIII

aim

jR

Ilg

IJil

MI8

im

Eig

loll

Ul

Nil

gig

am

Jill

IlJJ

nm

UQ

at m

IlJJ

JJig

Jig

Ilg

u

Hm

lib

411

fiB

lig

leg

anamgnuuwwgggggnawwn|gg|gwggdwggggmegmg|gmgnmigmgggggg|ggggggggggg|gggn::

enneligiingegiNillgnNeliigieiimmiiMeigigiigugigiiglijggelgigig|imigeigi|g

Item 2

Z C A Nz ¢OOROZNAT| SYSYl[lqS

/

/

/

/

/

X

Z
I 3

i

tJ

/ /1 / 11/ /i / sis .... ° 2
/ /AI / /I/

/ /iIII / /i/
/" /iJJA/ ....... y / /j/

7' • /4||i/ / /8/

/ • . THETA sAD|A/ / /j/

/ .... /iliA/ / /l/

/ ..... /AIIi/ / tl/

................................ ALIA/ ................................ il

IO0000000000OOOO000000000000000ll|i/ IOOOO90000000000000OO0000000000|J
IXXXXXXXXXXXXXXX'/XXXXXXXXXXXXXXIIi/
IXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXli/ / .............................. ""
lO00000000000000000000000000000j/ /

/
/

/

/

/

/

[
LAHZNATE STRUCTUNAL AXES

A3-58
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Item SEt)

PII15AiY AS-- J'_JER

1 ElrPl
Z ETI_
3 GFPI2
4 GFP23
$ HUTPI2
6 NuIrp2$
7 CYEFlPl
8 CTETP|

RHOFP
1o NTP
11 OZFP
12 CTl_
1 ] KI_P I
14 KFP2
1 S K/T$
16 STIGqr1_J SFPT
17 srl_

rzB n PROPERTZZS;

rLAS_¢ HOBULZ

SHEAr nQ_

PoLqsoN'S IULTZO

TNL_5. EXP. CO_.

OEHS_T
HO. or F_IEIS_I_)
rnEIt DZIISETER
HEAT ¢APItCZ_

HUT ¢OH.OUC'A'YZ_

Yt_ 0AT1 BANK. <--

0.31O0Z 18
0.2iO0E $7
O.2|||E 07
1.1000E 07
O.2000E 00
o.2seez ee

-I 55|OE-O6
0 $GOOEoOS
0 630eEoel
O 180OE el
I 3000£-0$
0 L700E U
0.5880E iS
0.5800E 02
0.SeOOE e2
0.40O|E 06
o.44eIE 06

Pll?UtlT KATitZX PEOPEIT_8; ZBL.S FULTIt_. DRY ItT. _.

1 ELASTZ¢ _tODULUS ETTP 0.50|OE 06
Z SHEAR t_DULUS GI_ 0.1773E 06
3 POZ_SgN'S IUiTr..O I(_I]P O.4leOg Oe
4 THERll. [XP, ¢01_. ¢T_ 0.ST0OZoI4
5 D_CSZ_ RH(_ o.46eez*el
6 HEAT CAPAC_Tt _IPC 0.2500E OO
7 HEAT 20HDUCT_r_ _ 0.1ZSOE |l
8 STRDIGTHS StIPT 0.?00OE 0_

S_ 0.210OE 0S
10 SMPS 0.700OE 04
I1 _O_ETUJt_ _OJ_ BTltlP O,_O0OEoO|
IZ DZFFUS..-'Y'J_Pt OZFISP 0.20OOE*O3

Item 5(I))

P|_IT C_qPOS1TE PROPERYZES_ SSs 4] IS*-s_SL8

BAS_ ON HZCltOflECHANZC_ OF ]_TItlPL_ HTBI_ COFOk_T_: _ AND _ _.

r_gEt VO_ _ATI'O - 0.550 _AYItZX VOLU_ IIT_O - O.4]e
vozo COHDUCTZV_Y - 1.22499tS0E 0t

VO_) VOLtnSZ IITZ0 - e. oze

1 [Z.AS'F_CJqODULZ EI_I
2 EPC_
3 [PC3

SHEAR tqODULX GPClZ
5 GPC2$
t OPCI$
7 POZSSON'S IATZO NUP¢I|
$ _UPC23
9 NUll_13

10 _. EXP, COgF. CTEI_I
11 CTEls_
12 C':_'_C3
13 DEHSZ_r RHOPC
14 HEAT CAPA_ CP¢
IS HEAT COI(DtJC_VZTY KPCI
16 KPC2
17 KPC3
14 STID4_THS 5PCIT
19 SFCI¢
_0 SPC2T
|l 5PC2_
ZZ SPCIZ
Z_ _5O_ST. D__ DPCl
_4 OPC2
Z$ . PPC3
26 _O]_T. _XP. COEF. |TlPCl
Z7 BTAPCZ
28 BTAF¢3
Z9 TLEXURAL ISODUT_ [Pelf
30 [PC2T
31 STR_4GTN_ 5FC25
3_ 5PCIr
33 SPC2F
_ SPCSE
35 PLY TXZ_ TPC
36 ZNTEIPLY

_TEIf._j_HZCKlfES_ PLI_]7 SPA_T_G PLP_S

e.iT_6E e8
0.11ZTE 07
0.1127E 87
0.5_?OE 06
0.3238E 06
0.$470E 06
0.2945E SO
e.*e_IE oe
e.z945E to
0.1418E-06
0.Z464EoO4
0._464E-04
0.5443E-el
0.1SgtE 00
0.3195E *S
0.3702E Ol
0,3702[ 0|
0.2228E 06
0.8764E 0S
0.5006E 04
0.1502E O5
o.SIZiE 04
0,4608E-44
0 Sl_&E-i4
0 5164E-t4
0 4981E-04
0 145zE-e_
0 1452E-02
0 1726E 08
0 IIZTE 07
0 3983E 04
0.1572E 06
0.9387E 04
0.7689E 04
0.50OOE-eZ
o.seseE-e_
e.seseE-e_
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°-) CONSTZTUENT Pt0PERTZESt ECH0

Item _c)

PROM 0AYA |ANE. <o*

Pt_tY PZ|EI PNOPEtTZSSJ S0LA ;Z|R

| [LAST|¢ MONLZ |WP| i.||4i| IJ
| [FP| 0.||40| 08
$ SNUt _00ULI GPP|8 0.51708 07
4 0FP2S I.$|?i| i?
5 P0ZSSON*$ ritz0 NUFPI| |.zeeif ie
6 ,u_l] o.zoee| to
7 THERJq. I_P. _SP. CT|P| t.Zllil_oiJ
8 CT|FPt i.lliiSoi$
t 0ENSZTY tH0PP 1.910t8-01

10 NO. 0P PZJmlt_N NFP 0.2i408 05
LI P_JR OIAM|Tlq) 0|FP i.$6iJ|*t|
11 N|AT CAPACZTY CFPC 1.1711| II
1] _[AT ¢ONOU_YZVITY [f_l 0.7|00| II
14 KFPI i.?Sii| i_
15 [_P$ e.Tsee| eL
16 STtENiTNS SPPT O.$6ii| 06
Z1 $1ep_ o.$oeo| 06

Pt_tY K4TIZ_PIOPItYZSS! NSel _TIZX. 0tY tY. PtOPBFrZSI.

1 [LAST_¢ MOI_/LUS BqP 1.750|| 06
Z SH|AI _00ULUS CUSP 8.27788 i6
$ POZSSON*$ _ATZ0 HUMP 0.]$O08 li
* T,eRn. EXP, ¢0|P. CTBqP i.4OO01*O4
5 0|NIftY RHOlqP i,4Sii|-il
6 H[kY ¢ApleZTy ¢_¢ o.zsee| oe
7 _8AT CONDUCTIVITY _nP 0.I_$0| 01
| SrtENOTN$ SnPY e.zeeel el
9 sF19_ i.$iii| is

|i SliPS I._$ii| il
ZL IqOZSTUN| ¢01_ JTAIqP i.liiOJoO|
lz nzpeuszvx_r ozmp ,.2oooeoes

ItemS(d)

etmAtY cmvoszTt PtoeuTtnJ ss_ ** so_um

FT|SR VOLUH| riTZ0 * e.sse XITRIX V0LU_E _TZO - 0.440
vOiD ¢0NDUCTZV|TY - i._4_SSii[ ti

VOZOV0Lml [4YZ0 * e.e

1 [L_STTC _OULZ |P¢1 e.71508 07
2 [W¢_ e.z_738 e_
3 [P¢$ 0.24751 I1

S_[41 n_DULZ _¢11 e.t]lil e6
5 GPC_$ 1.57918 06
6 GP¢15 0.9314| 16
7 POZSS0NJ9 tAT:0 NUP¢18 0._i758 II
| NUP¢_] 0.$?78| ii
9 NUP¢13 O.2t_S| oe

le THem. [_. ¢81F. ¢_8PC1 e.4_sis*es
1; ¢fEPGT 1.15811-04
I+ CT[PC] 1.15111-14
13 OENSITY IHOPC 1.6l$ll-tl
14 ,fly CAPACITY ¢P¢ 0.19_9| lO
15 H[AT ¢0NOUCTZV|TY _P¢| 1.46758 l|
16 [PC| 0._750| 01
Z7 [P¢] 0.17511 I1
_8 STII_ITHS SPCIY l.lt?6l 16
Z9 SP¢IC 1.17301 li
tO 5PC+Y 0.11511 IS
Zl SPCZ¢ 0.31111 IS
Z_ SP¢I_ 0.10471 IS
Z3 HOZST. OZFPUSZVZTT OPCl 0.18101ot4
2* 0P¢l I.sL681*e4
25 DP¢3 0.5118101_
2_ m0Z$Y. EXP. COlP. ITIP¢I 0.11_6i-t3
2? ITIP¢| 0.13791-18
+l lYlP¢$ 0.11718-11
29 YLEXUIIL HOOULI [PCZP O.7tSe| e?
30 [PCZF 0.2_73e 07
3L STt[NOTHS SPCZ3 0.65108 0_
3Z SPCIP O.Z3Sgl 16
33 SP¢_ff 0.2Z411 tS
_4 SP¢$| 0.1570| 05
3S P_Y THZ¢_N|$S TP¢ O.SI0i|-i|
36 tN_EIPLY _HtC_N|S$ PLPC 0.7020|ol4
37 _NYE_FZI_q SPACZNO PLPCS O.Te2eloe_
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item 5(e)

--> COH_I_YUD_ PlOpLr]l_[]_i: ECNO /'IlCM DATA J3J4K..:--

SE¢ONDglIY F'Jglt PltOPglT21_; AS_ r£11gJt

1 ELISTZ¢_ODULZ EFS! 0.310¢E 0S
Z EFSZ 0.2e00g 07
3 SHEAI flODU_Z aYS12 I.Zl00g 07
4 GM2$ 0.1eoeg 07
5 POZSSON*S ItA'JL'20 HUGS12 I.ZOOOg 04
6 MUgS2$ e.2seeg el
7 Tlfr_n. EXP. C01W. CTETS1 -e.sseeg-e6
8 ¢TF_ t.5610g-i]
9 OE]4SZTT mHOrS e.63eegoet

le NO. OF flLIE3t_DID NF_ 0.10o0g IS
11 /"£3E.q DZln_t DZ/_J o.3eelgol$
L2 NEAT CAPACZTY CFSC O.l?0Og OO
13 NF.IT COND_'TZVZ_ ggsl O,$ilig iS
14 k']'$2 i.Sliig it
15 KFS] e.seesg e|
L6 STIEXGTI_ SFST 0.400og 06
17 S/'S_ |.4O||g 06

5ECOttDAIY r_T]tZX PtOPEIY2"ES; G_L5 ffATILZX. 91Y I_. PItOPEIT2ZS,

[LASTTC t'tODULUS El'tS i.5|leg 16
2 SHEAR M_OULUS GfI$ 0.185ZE 06
3 _OZSSON'S RATZO N_ 0.3500g tO
4 THE]U1. EXP. COI_'. CTI]'tS 0.3600E-04
| 0EliSZTY RHO(_B i.4400g-01
6 HEAT CAPACZTY C?_SC 0.2SOOE ii
7 NEAT COHDUC_YZ_ KMS 0.1250g 01
8 STt_4GTHS _T O.ISiOE iS
t _ e.]seeg |S

11 S_SS e.13eeg iS
11 nOZs_lg COEF |TI_S 1.4ileg-e|
12 OZFT'tJSZYI"IT DZ.II'_ e.aoeeg-e]

Item

5ECONOAIT CO_DOSZ'L'T P_OPI_2T_; 57/ 4Z

BASED ON IqZCltOflI_fJU4ZCS Or DtTtAPI, T

S(D

kSR/_

YZIE1 VOLU?IE RATIO - e.570 _A_tZX VOLU_EtAT_O - O.4ZO
VOZD CO_DUCTZVZTY - e.2249999Og 0e

VOXD VOL_Z Ut'ZO - e.ele

1 [LISTZ¢ r_o_,3 [SCl
2 ESC2
3 [5¢3

S_EAI _O0_,Z _3C12
5 GSC2S
6 GSC13
7 _0_5,5014 ' S stTZO NUSCIZ
8 NUSCZ$
9 MUSC13

II T14Et_. gXP. _'_EF. .........CTrSCL
II CTESC2
t Z ¢_F,5¢ 3
l$ DENSITY I_HOSC
14 NEAT C_PA_Y CSC
15 HEAT COND_ K5Cl
16 KSCZ
L7 KSC3
18 STltI_qGTHS S$CIT
19 SSCl¢
|lJ 55¢2T
Zl SSCZC
Z| $SC I Z
Z] no_. O_'I_IS_r2T_ 0SCl
Z4 D5¢2
Z$ DSC3
Z6 ROZST. EXP. COEF. BTA$C|
27 BTAS¢2
28 DTAS¢3
Z9 TLr_IIL nOO_ ESCIF
30 rSC2r
31 STR_GTHS SSC23
3Z SSClF
33 C5C2F
34 5S¢5|
35 PLY Td2CKI_ESS TSC
36 ZNTEtPL¥ 27(Z¢I(_S,5 PLS¢
37 _TE]urzBI_t SPAC_NQ PL.5¢S

O.178JZ 08
I.II53E O?
e.ll$3g 07
e.s88og 06
o.3458E 04
o.5880g 06
0.2645g i|
0.4_94g iO
e.zi45g 00

-I.128OE*06
o.16o5_-i4
I.I_OSE-O4
e.s419_*el
o.1172E o|
0.3311E 03
o.3918E el
o.3918E Ol
O.Z3OTE e6
o.1564E O6
O.LOZ6E 0S
o.Z39_g 05
1.936SE 04
o.8400E*O4
0.4teog*O4
0.49_1E-04
o.46_SE-e4
e.131tg-ez
0.L31tE*O_
0.178rE 0q
0.LIS3E 07
O.74Z_E 04
0.2334g 04
0.L;tiE 05
O.I_0SE |S
e.sooog-e_
O.5_ISE*O_
|.S_lS[-O_
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Item5(8)
HYBRZD COMPOS_ PROPERTZES; 60t_0 SOLA/HI'JHS/AS--/ZI'IH$-
BASED OH IqZCROMECHA/_CS OF ZNTRAPLY HYBRZD COr_OSZTES" ELAST'ZC AIqD THEItfqAL PltOPER'J

PRZI'tARY COr',POSZTE VOLUI_ RATZO - 0.600

1

3

5
6
7
8
9

10
11
12
I3
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
;0

EL_TZC MODULZ

SIIEAR MODULZ

POZSSONIS RAT'J:O

THERH. EXP. COEF.

DEHSri'Y
HEAT CAPAC2TY
HEAT COHDUCTZVZTY

STRENGTHS

I'IOZST. D_'FUSZV_'_

MOZST. EXP. COEF.

Irr-ExURAL t'IODULZ

STREHOTHS

PLY THZC_HESS
ZHTERPL¥ THZCKHESS
ZHTE21e_BER SPACZHG
FZBER VOL. RATZO
_0ZSTURE CONTENT
t_TRZX VOL. RATZO

SECONDARY COMPOSZ'_ VOLUtSEIAF_O - 0.40

EHCl 0.1144E 08
EHCZ 0.1696E 07
EHC3 0.1945E 07
GHCIZ 0.7551E 06
GHC23 0.4561E 06
GHCI3 0.7941E 06
HUHClZ 0.2663E 00
HUHC23 0.3985E 00
HUHCI3 0.2689E 00
¢TEHCI 0.1603E005
CTEHC2 0.1601E-04
CTEHC3 0.1634E-04
RHOHC 0.6334E-01
CHC 0.1943E 00
KHCI 0.1352E 03
KHC2 0.2105E Ol
KHC3 0.2305E 01
SHCZT 0.2168E 06
SHCIC 0,1665E 06
SHC2T 0.9915E 04
SHC2C 0.2314E 05
SHC12 0.1195E 05
DHCI 0.8736E-04
DHC2 0.5117E-04
DPC3 0.5117E-04
BTAHC1 0.9858E-04
BT_HC2 0.8565E-03
BTAHC3 0.1455E-0Z
EHCIF 0.1144E 08
EHC2F 0.1696E 07
SHC23 0.1019E 05
$HCIF 0.2355E 06
SHC2F 0.1735E 05
SHCSB 0.1793E 05
THC 0.5000E-02
PLHC 0.5215E-04
PLHCS 0.5215E-04
VFH 0.55&0E 00
M 0.0000
VI'tH 0.4320E 00
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]-0

Item 6

¢8MPOSITI STIJZN SYUSS TI_PIIIn;II n0ZSYUII tlLATtMS - STUlTIIU_

-I* -2- -S- *,* -S* -i*

l i.ii761-07 -e.SfS2|-i| *1.272?!-0? I.iII0 O.0000 O.]lSll_lJ

Z *l.JgS||oS8 0.1162|*e6 *O.|_SS|*i7 O.||$O 0.8050 0t.1444dl0||

3 -*.Z?|7|*IT -i.O*8Sl*i? 1.96161006 |.0|00 i.1001 i.i611l*||

I.lili I.lOOS |.liSa 8.|11Sl-0S S.$11tl-L| O.iOl0

s i.liii I.ilii i. OiiO I.$81910|| i.19$S|oOJ I.iiiO

6 e.]ZSS|oL$ -e._664|-11 1.66U8-18 e.eso0 I.iioO I,|61llell

]°0 COIgOSlTI SYllS$ STRAIN tlLAYTiiS - iTlU¢_I_

*1- *|- olo -4o *J* o60

• I 1.1671E 08 0.80931 86 i.8577t 06 O.liil 0.0000 I.|Niletl

l 0.009]1 li l. Silil 07 0.07051 $0 0.0000 0.0000 0.411_! il

] 0,85771 ti t.17151 It 8.19|$1 l? I,lll0 I.II00 0t.14011-01

i l,llll O.llll I,ll00 I.itTII li "t,|llll go 1.1100

S l,llll l.llll I.tt00 *t.lllll $0 1,11171 t6 I.i001

6 1.0S611-ll 0.45871 I1 *i.]6l]l-II I.III0 I.I01I 1.011_1 t6

oO_B

O.llJll-ll

o.lltll_l

I.II111-t0

1.1110

1.1001

-4.6Ut1_0

o1_

l.lllll-tl

I,UlII-II

t.11191-tl

1.1010

I.III0

-t.14111-tt

M*T! ¢100 F00 Nl_llST0il SOLID I_ININ?I

• • • .1_ e511 06 l.l�StT3i*l*O! I.lllltlll l.ll0tlll0 I.llilliill 01 l.l�lllil61
1.451i517tl II t.llllllll I.III11111 I._9S||1711 17"1.3i11756gl-0[ I,IIlI0110 1.0001t110 0.616161111

LIIIIIIII I.IIIit111 0.16757S191 16"1,126]]1141 IS I.$[671illl 16

Item ?

¢0NPOS I Y ! PIOP 10Y III

¢_0IITI Pl0PlITlll - vILli 0NLY F00 ¢ONITII? TI_I01TUII i rNIIIIIII
LINII 1 T0 31 ]-0 ¢81_15|?! PIOPL_IYlI$ flOUT HAYllIILIXlS
LINII 3] Tail |-0 ¢0_0IITI *iOPItYII! *INT STtUCT_IAL

]t,. I I|
l.|1611 Oi
1.8||6|-lt
l.$1lil-01

*l.161$1-0_
*l.|0|Sl*l!

l.$l;il-tl
1.08Lll*10
O.lllll-ll
e.i0ell-lt

*e.41341-|1
l.ltJll e|
1,17ill tl

-t,178ilot4
i.[t�Sl 00
1.11751-tl
I.|S981-I1
I.lllll II

t.lll0
I.llltl*ll
l.]l?ll-I
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potc|s

HX 1.36448 14 e.lIi4| |S
_Y t.lt2_g es 1.13131 16
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t[SULTS FOR PLT NO. I 0tZDTATZ0N 8.1 NATRZ&L &So*INLS AS_IHLS

CtXYERXON tAN• VALUE LOCATZ0N •

nAX OP IlXXIINUCRT-NUL|T) 8.8 *0 90°0 |.$J8 7S.8
MAX OP [IYYu(NUCtT-NULIT) 0.1-- 90.0 O.8|Z 0.8
nAX 0P E1Fr_CNUCtY-NULtT) $.1-* 9i.i 1._1_ 61.0
MAX 0P [lXXu(NUCtT-sULIT) 90.1-* ii$.i 8.588 liJ.i
MAX 0P [IYYI(HUCtT*NULtT) 90.000 lSi.i i.$ZZ 180.0
MAX 0P IlXTa(HU¢_ToNULRY) 90.0 °° 181.0 1.*11 _Zi.O
HAX 0P tlXXI(NUCtY-NULtT) 1SO.i** 870.8 0.588 |SJ.i
_&X 0F KIYYu(HUCtT-SULtT) |iS.i-- |?i.i I.ll| lJI.i
_AX OP RZXYufNuCNT*NULRT) 1SO.O** _71.0 1.4tl ZA|.O
_AX 0P [IXXufHUCRToNULtT) |?i.i-* i.I t.Si8 28J.i
MAX 0P EIYYu(HUCNToNULtT) |TO.i** 0.0 1.8Z| 0.0
MAX OF _XYn(NUCtYoNULtT) |?I.io* O.I 1.4L1 511.1

RESULTS FOR PLY NO. 2 0IZENTATEON 90.8 HATERZAL SOLAHflNS AS_IMN$

¢_ITERION EAN4_ VALUE LOC_kTZON •

ww wwww www _ I_B_

nAX 0P EIXX•(NUCtT-NULtT) I.l-- li.i l._iY 9i.i
tax 0P RIYYu(NUCtT*SULtY) I.I-* 90.0 1.087 15.0
_X 0P RlXYUtNUCtT*SULtT) |.I** 90.0 L.476 IS.|
HAM 0P KlXXn(HUCtT-NULET) 99.0 °0 181.0 1.417 90.1
n_X 0P [IYYJ(NUCtT*NULtT) 9i.l*- 180.0 _.887 165.0
_JX OP E_XYU(NUCIToNULRT) 90.0 °- 1&1.8 1.476 ]S|.i
_AX 0P _IXXNCNUCIT*NULtT) 180.0** |70.0 1.447 870.0
nAX 0P KlYYm(NUCtY-NULtT| lit.too _?t.i 1.187 ISS.i
_AX 0_ _IXYn(NUCtToNULtT) 180.$-- 2?0.0 |.476 |iS.0

_AX 0_ KIXXn(NUCtT-NULIY) |70 __N__e i.i _.407 ZTI.i
HAl QP [|YYU(NUCET-NULtT) tYi_,-- i.t 1.087 549.0
_AX 0P [1XYU(NUCET*NULtT) |TO.e** |.t _.476 555.1

w_ w_ iw_ m_lw_i INMI_qNHn__ _

t|SULTS FOR PLY NO. 5 0ESENTSTZON 90.0 _ITIt|K SKiJlil i$**I_!

CRITERION tA_ VALUE LOCATION •

1_olowl wow_o_wmw_ w owi_ol_

_AX OF [IXXa¢NUCRT-HULtT) 0.I-- V0.O 1.407 91.0
HAX OP KlYYu(NUCtT-NULAY) 0.0-- 90.0 1.087 _S.0
nAX 0P (1XYI(NUCRT-NULtT) S.O_ 91.0 1._76 Z$.t
_SX 0P [IXXn(NUCNT-NULNT) 90.0_ |Ii.i 1.407 91.0
_AX 0P (IYYe(NUCtToNULtT) 90.0-- 181.0 _.087 _GS.O
nAX OF _IXYUCHUCtT*NULtt) 90.|'0 |iO.t L.476 ISS.O
HAX OF KZXXn(NUCRToNULtT) 280.0** 2?i.t 2.407 ZTt. I
_AX 01 KZTYe(NuCtT*NuLtT) 180.0-0 _?i.i _.08? _SS.i
_AX Of [1XYt(HUCtT'NULtT) 188.0*" _Ti.I |.476 _i$.i
_AX OP tIXXI(NU¢tT*_ULt?) _?t.i_ i.i 2.t17 |?I.i
_AZ 0P [_YY|fNUCtY-NULtT) _?i.i*- i.i _.087 345.0
_X OF [_XYn(NUCtToNULtT) _?l.i o- l.i 1.476 339.0

RESULTS POt PLY NO. 4 0tlENTATZON I.i HITERZAL AS_ZHLS AS--ZRLS

CRITERION tiNGE VALUE LOCATION •

iw_o_o_w_ow, ww_w_w

nix OF t|XXeCNUCtT-NULtT) 0.| ow _l.O |.$88 75.0
HAX 0P RIYYU(NUCtToNULtT) 0.0 -o 50.0 i.IZZ i.I
_aX OF
nAX OP
_AX OF
nAX OF
_AX 01
nAX OF
nAX 0¢
nAX OF
tAX OF
_AX 0P

NOTES:

[IXY,(NuCtT-HULtT) 0.|-- 90.0 1.411 60.8
EIXXU(HUCtT-NULtT) SO.O .o 111.0 |.S$8 IiJ.i
_YYn(NUCRT-NULRT) 90.0 °o |8i.i O.IZZ _li.i
KlXYs(NUCIY-NULtT) 90.0-0 180.0 1.411 l:l.i
[IXX_CHU¢tt-NULIT) 181.0-- 271.0 0.588 ZSS.I
_|YYe(NUCtYoNULRT) _8i.O .o _Ti.i O.I_Z _li.i
_IXYu(NUCtTo_ULRT) ll0.0-- 270.0 1.411 240.0
RIXX_CNUCtT-NULtT) 270,0-0 0.0 |.58& 285.0
RIYYn(HuCtT*NULtT) 270.0 °- O.0 0.822 |.I
KIXYe(NUCtT*HULtT) 270.0 °o 0.I 1.4L1 501.1

KIX'X °-_ STRESS ¢0NCENTRATTON PACTOt _J! Y0 sz_qA XX
K|Yy --) STRESS CONCENTRATION _ACTGE OUt TO SI_ YT
KIXY --) STRESS ¢0SCfNrtiTZ0S PACTOR 0UI TO SI_ XY
HULNT .0> PLY P0:SS0H RATIO IN t ANO T AXES
NuCAT --) CO_POSXTE POZSSON RATIO IN t ASO T AXES
( RANO T AtE THE tAOIiL AND TH| TANGENTIAL O|tECTTON$)
0HLY 5 0EG. INTERVALS 4_| ¢ONSZ0|R|O. THE ACTUAL VALUE
_S EXPECTED TO I| WZTN|N 5 0EG. 0P THE PE|NT|D RESULT.
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Appendix C
Resident Data Bank (FBMTDATA.BANK)

T300
FP 3000 0.300£-03 0.540£-01
F[ 0.320£ 08 0.200E 07 0.200E O0 0.250E O0 0.I30E 07 0.700E OG

-O.SSOE-O6 0.560£-05 0.580E 03 0.580£ 02 0.170E O0
FS 0.3SOE OG 0.300[ 06 0.000 0.000 0.000 0.000

j_mo

F? 10000 0.300£-03 0.630E-01
FE 0.310E 08 0.200E 07 0.200E O0 0.250E O0 0.200E 07 0.100E 07
FT -O.SSOE-OG O.5GOE*OS 0.580E 03 0.580E 02 0.170E O0
FS 0.400E OG O._OOE 06 0.000. 0.000 0.000 0.000

SGLA
Lrp 204 0.360E-03 0.900E-01

FE 0.12q_: 08 0.12¢E 08 0.200E O0 0.200E O0 0.517E 07 0.517][ 07
FI" 0.280E-05 0.280E-05 0.750E 01 0.750E 02 0.170E O0
FS 0.3GOE 06 0.300E 06 0.360E OG 0.300E 06 0.180E OG 0.180E OG

HI1SF HIGH t'IODULUS SURFkCE TREkTED FLEER.
FP 10000 0.300E-03 0.703E-01
FE 0.550E 08 0.900E OGO.2OOE O0 0.250E O0 0.110E 07 0.700E OG
FT -0.550E-05 0.560E-05 0.580E 03 0.580[ 02 0.170E O0
F$ 0.280E 06 0.200E 06 0.000 0.000 0.000 0.000

OVER DiD OF" FIBER PROPERTIES.

IIILS ImTR_DI_TE MODULUS LOW STRENGTH _TRIX.
MP 0.460E-01

FIE O.500E 06 0.410E O0 0.570E-Oq
0.125E 01 0.250E O0

MS 0.700[ OLI 0.210[ 05 0.700E Oq 0.140E-01 0.420E-01 0.320E-01 0.320E-01
I_/ 0.225E O0 O._20E 03

IMHS It;TE?_EDIATE _IODULUS P.ZGH STREHGTH _TRIX.
0.440[-01

ME 0.500E OG 0.3501[ O0 0.360E;-Oq
lit 0.125E 01 0.250£ O0

0.150£ 05 0.350E 05 0.130E 05 0.200E:-01 0.500E-01 0.350E-01 0.350E-01
0.22SZ O0 0.420E 03

HIIHS HIGH _ODUL_ HIGH STRENGTH _TRIX.
1_ 0.450[-01

lIE 0.750E 06 0.350E O0 O.LIOOE:-O,:I
liT 0.125E 01 0.250[ O0

FL_ 0.200E 05 O.500E 05 0.150E 05 0.200E-01 0.500E-01 0.400E-01 0.400E-01
0.225E O0 0.420E 03

OVER END OF MATRIX P_PERTIES.
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SCOPE

This document describes the CSTEM preference for PATRAN, which can be used to generate a

CSTEM input deck and to process CSTEM analysis results. The preference includes the specifica-

tion of CSTEM related parameters for PATRAN, a translator from the PATRAN database to a SIES-

TA database, and a CSTEM deck generator which operates primarily on the SIESTA database. Us-

ers of the CSTEM preference should be able to generate a CSTEM input deck from scratch from

within PATRAN. Most CSTEM capabilities are accessible from the preference, although some less-

er utilized capabilities can only be accessed by direct manipulation of the CSTEM input deck.

This document addresses topics in two parts that may be described as a User Manual (CSTEM

PREFERENCE) and a Programmers Manual (P3 DATABASE TO SIESTA ROB TRANSLA-

TOR). Users familiar with PATRAN3 should have little difficulty utilizing the preference with the

possible exception of the Analysis form, which includes specification of CSTEM control variables

and element layering.

INSTALLATION

The preference is contained in a number of files which are either PCL or FORTRAN source Erie,s.

The PCL flies are compiled into PATRAN libraries. FORTRAN source fries are compiled into SIES-

TA libraries or into the P3 to SIESTA database translator (pdb2deek. x), the CSTEM input deck

generator (RDB2CSD), or the results file translator (results_translator). An awk script,

awk. post4, is also included as part of the preference.

A script called make_..pd.b2deck is used to create the P3 to SIESTA database translator. The

script requires modification to specify the location of the PATRAN libraries, compile options, and

paths to source files, SIESTA libraries, and executables at a specific installation site. A makefrie

called makedeck is used to compile the deck generator. The makefile may require modification

to specify the location of the source files and SIESTA libraries. A script called make_result:s

is used to create the results translator. The script requires modification to specify the location of the

results translator source Fries and executable. TheSe three compilation fries are used to generate the

executables and are not required at each utilization of the preference.

A p3 el:)5.Zog, pc 1 Erie, which is executed whenever PAIRAN is entered, contains the PATRAN

commands to compile the CSTEM preference into the cstem, plb library. This library may be

created and made available in such a way that it is readily available at a specific site so that the com-

pilation is not necessary at each utilization of the preference. The p3 epi log. pc 1 Erie also con-

tains paths to the P3 to SIESTA database translator executable, pd.b2deck, x, the deck generator

executable, RDB2CSD, and the results translator executable result:s_l:ranslat:or. These

paths must always be present in the p3 epilog, pc1 f'rie to utiliTe the preference.

The P3 to SIESTA database translator is called by the CSTEM preference from within PATRAN.

This is done with a script, wrdeck, written from the preference. The script contains locations of

executables as defined in the p3 epilog, pcl file.

The CSTEM deck generator is called by the P3 to SIESTA database translator. The site specific

location of the deck generator executable, RDB2 C SD, is deEmed by the environment variable EWSP

as set in the wrdeck script. This wrdeck environment variable is deemed to be the same as the

variable deck_path in the p3epilog, pcZ file.
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CSTEM PREFERENCE

The CSTEM preference customizes PATRAN for use with the CSTEM analysis code by setting vari-

ous PATRAN database quantities and properties specific to the CSTEM application. Most PAT

forms and menus maintain a common appearance as with any other analysis code, but only options
pertaining to the CSTEM analysis code will be available.

Compiling the CSTEM preference into the appropriate PATRAN libraries is generally a one time

operation performed by computer systems personnel at the user's site. Once this has been done, the

CSTEM preference is loaded into the currently open database by issuing the command

"load cstem0" in the PATRAN command window. When the CSTEM preference is loaded, it fast

loads the generic PATRAN definitions then activates and utilizes the generic definitions as much as

possible, creating new definitions specific to CSTEM if necessary. The user may create a database

template loaded with the CSTEM preference in the usual manner.

Use of the preference to generate CSTEM input decks results in a CSTEM structural input deck writ-

ten to file f3 5. dat and a CSTEM heat transfer input deck written to file f3 4. dat:. Processing

of CSTEM analysis results is also available from the preference.

Changing to a new version of PATRAN will require that the cseem, pZb library be recreated by

compiling the CSTEM preference fries using the new version of PATRAN. The fortran executables,

pdb2deck, x and RDB2CSD, will also need to be recompiled. Any necessary modifications to the

compile script, make...pdb2deck, will usually be indicated in the link_fort: access fde =

provided with the new PATRAN version in the cus tomi zat:ion subdirectory.

The version of the preference can be determined by issuing the command "cstem_pref._version0"
in the PATRAN command window.

CSTEM INPUT DECK GENERATION =% _

The resultant of using the CSTEM preference is the generation of structural and heat transfer input

decks for the CSTEM finite element code. This process is activated by using the Analysis form,

which is more fully described in a later section. The method used to generate these input decks is

to utilize the deck generator contained in the SIESTA program, so that the PATRAN database is

translated into a SIESTA database as the first step of generating the CSTEM input decks. Certain

functions of the deck generation process are performed external to SIESTA, since they utilize data

that can not be directly translated into the SIESTA database. The layering definitions are performed

entirely within PATRAN using the CSTEM preference. The CSTEM structural input deck is written
to the file f 3 5. dat.

The CSTEM heat transfer input deck is written only if heat transfer loads have been applied. Heat

transfer deck generation is performed as part of the PATRAN to SIESTA translation process by ac-

cessing the PATRAN database only. The CSTEM heat transfer input deck is written to file
f34 .dat.

A file called WARNINGS is generated which contains informational and warning messages gener-

ated during the process of translating the PATRAN database to a SIESTA database and generating
the CSTEM input deck from the SIESTA database.
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GEOMETRY

The CSTEM preference is based on the HEX8 or H_X20 isoparametric element topology used by
the CSTEM finite element code. Only meshes of these element types should be generated from un-
derlying solids (as opposed to curves or surfaces) for use in CSTEM. The solid geometry is created

within or imported into PATRAN in whatever manner is famiiiar to the PATRAN user. Although
elements which axe invalid within CSTEM can be generated within the PATRAN database, PA-

TRAN will warn the user that such elements axe not valid for the active CSTEM preference.

MESH GENERATION

The CSTEM preference does recognize degenerate elements (WEDGE6 or WEDGE 15) as valid for

use in the CSTEM code. Wedge elements should not be layered in the degenerated direction.

Avoid the generation of elements which axe to be layered without underlying geometry. Unless a
hybrid axis orientation option (IGAX) is used, the underlying geometry is used to associate the lay-
ered material reference axis specified for at least one element to all elements associated with that

geometry.
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MATERIAL PROPERTIES

Material models supported by the CSTEM preference are linear elastic, plastic, creep, failure, ther-

mal, and damage. Since the CSTEM finite element code calculates structural and thermal results

in the same analysis run, the thermal material properties are specified as a material model of a struc-

tural analysis in the CSTEM preference rather than specifying these properties as a separate heat

transfer analysis.

Specification of a particular set of material properties will not necessarily activate that type of analy-

sis in CSTEM. Only the linear elastic analysis is performed in CSTEM by default. Inputs for various

material modeling capability can be created and present in the input deck without activating that par-

ticular type of analysis. The analysis control variables (available on the PATRAN Analysis Form)

are used to activate and control the types of analyses performed by CSTEM (see page 21).

Specification of data for material models other than linear elastic will only be written to the CSTEM

input deck if the linear elastic data for that material is also specified and can be written. All material

model analyses in CSTEM begin with a linear elastic analysis and so linear elastic data for a material

is required by the deck generator before any other data for the material will be written.

Many material properties may be input as temperature dependent material tables using the Fields

form. Note that PATRAN fields can be specified to calculate extrapolated values as zero, the last

table value, or use linear extrapolation. CSTEM always uses linear extrapolation so the material

tables are modified if either of the other two PATRAN option (zero and last table value) are speci-

fied. These modificatl ons add extra points to the table so that linear extrapolation will result in either

zero or the last value. If the addition of extra points will violate the CSTEM limit on number of

temperatures or strains, a warning is written and the table is not modified with the result that linear

extrapolation will be used. It is recommended that, first of all, material tables be input which bracket

the expected ranges and secondly, that linear extrapolation be specified.

Isotropic

For isotropic materials, the linear elastic properties that can be entered are the elastic modulus, Pois-

son ratio, thermal expansion coefficient, density, and reference temperature. The elastic modulus,

Poisson ratio, and thermal expansion coefficients may be temperature dependent material fields.

Common temperature values must be used for these properties for a given material. This will be

checked during deck generation.

Inputs to the plastic material model are a stress/strain curve for an isotropic or kinematic hardening

plasticity model. Kinematic hardening is the preferred hardening model. The stress/strain curve

must be created as a strain or strain and temperature dependent material field prior to its specification

as a material property. If specified as a strain and temperature dependent field, the PATRAN field

input will require that common strain values be used for all temperatures. This is not a CSTEM re-

quirement, so the CSTEM deck could be edited later to change the strain values at various tempera-
tures if desired.

The isotropic creep model is a 5 coefficient classical creep model, with temperature dependent creep

coefficients. Common temperature values must be used for these coefficients for a given material.

This will be checked during deck generation. Time or strain hardening is available for use with

creep.

Max stress or max strain failure criteria can be used with isotropic materials. The material strengths

and strains to failure may be temperature dependent fields. Common temperature values must be

A4-7



used for these strengths and strains for a given material, which will be checked during deck genera-
tion.

The isotropic thermal properties are conductivity and specific heat, which may be temperature de-

pendent fields. Common temperature values must be used for these properties for all materials. This
will be checked during deck generation.

Properties for damage mechanics analyses can be entered for isotropic materials, although the avail-

able models are typically for use with orthotropic materials. Parameters for the CMCUMAT damage

model and/or polynomial damage model may be entered as temperature dependent fields. Common

temperature values must be used for all damage parameters of a given material. This will be checked
during deck generation.

Orthotropic

For orthotropic materials, the linear elastic properties that can be entered are the elastic moduli, Pois-

son ratios, thermal expansion coefficients, shear moduli, density and reference temperature. The

elastic moduli, shear moduli, Poisson ratios, and thermal expansion coefficients may be temperature

dependent material fields. Common temperature values must be used for these properties for a given
material, which will be checked during deck generation.

The C.T. Sun orthotropic plasticity model is used with orthotropic materials. This model requires

coefficients describing the potential function (used to determine whether the material yields) and

the stress/strain curve. The stress/strain curve may be input as a strain dependent field, similar to

that for isotropic material, or described using coefficients in a power law function. All potential
function coefficients and the stress/strain curve may be temperature dependent fields. Common

temperature values must be used for these coefficients for a given material, which will be checked
during deck generation.

The C.T. Sun orthotropie creep model is used with orthotropic materials. This creep model utiliTes
the same potential function as the Sun plasticity model. The potential function coefficients may be

entered on either the plasticity form or creep form. The creep curves are described by entering the

coefficients of the creep equation. These coefficients may be temperature dependent fields. Com-

mon temperature values must be used for these eoef-ficients for a given material, which will be
checked during deck generation.

There are 4 failure criteria available for orthotropic materials: Max Stress, Max Strain, Tsai-Wu,

and Tsai-Hill. The Max Stress and Max Strain criteria are similar to those for isotropie material,
except that strengths or failure strains in all material directions should be entered. The Tsal-Wu fail-

ure criteria requires strengths and 3 interaction terms. The Tsai-Hin failure criteria is an in plane
criteria, requiring only tensile strengths in the material 1 and 2 directions and in plane shear strength.
The failure criteria strengths or failure strains may be temperature dependent fields. Common tem-

perature values must be used for these strengths and strains for a given material, which will be
checked during deck generation.

The orthotropic thermal properties are the eonductivities in all 3 material directions and specific

heat, which may be temperature dependent fields. Common temperature values must be used for

these properties for all materials, which will be checked during deck generation.

Parameters for the CMCUMAT damage model and/or polynomial damage model may be entered
as temperature dependent fields. Common temperature values must be used for all damage parame-

ters of a given material. This will be checked during deck generation.
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ELEMENT PROPERTIES

The element properties form is used to indicate whether elements are homogeneous or layered. Lay-
ered elements are defined as either Layered (manual) or Layered (x-sect) corresponding to the two

layering methods available in CSTEM. Layered (manual) indicates that Manual Layer Input will

be used and Layered (x-sect) indicates that Cross Section Layup Generation will be used as de-

scribed in the CSTEM User Manual to def'me the layering of the designated elements. Somewhat
different procedures to specify the layering within PATRAN are used for these two methods.

The integration order of HEX20 elements is also indicated on the element properties form. Standard

integration of HEX20 elements utilizes a 3rd order Gaussian quadrature. Reduced integration indi-

cates that a 2nd order Gaussian quadrature should be used. Only 2nd order standard integration can
be used with HEX8 elements.

Homogeneous Elements

There are two element properties for homogeneous elements. Material name is a required element
property and material skew is optional. The material specified by material name may be isotropie,

orthotropic, or composite material. If a composite material is entered, the equivalent bulk properties
of the material will be used. If no material skew coordinate system is specified, the material coordi-
nate system is assumed to be aligned with global (i.e. 1 along X, 2 along Y, 3 along Z).

Layered Elements

Refer to the CSTEM Users Manual for descriptions of layered elements in CSTEM. These descrip-

tions can be found in Section 2.4.3, Section 4.1.4 and Chapter 5, Section VII.

Manual Layered Element_:

Layered (manual) elements have 4 element properties. The layup name is required, similar to the

material name for homogeneous elements. The material specified by the layup name may be isotrop-

ic, orthotropic, or composite material. Ifa composite material is specified, the thickness oftbe mate-
rial layers must be expressed in decimal fractions of element thickness. Thus, the thickness of the

entire layup must add to 1.0, the entire element thickness. If an orthotropic (or isotropie) material

is specified as the layup, the material will be oriented along the default material coordinate system
generated from the element coordinate system, as determined by the layering definition. In addition
to the required layup name, there are three optional element properties: CSTEM variables IGAX and

ISMEAR, and a change base axis option.

The hybrid axis option, IGAX, is actually global in scope (the same for all elements) even though

as an element property it could be specified differently from element to element. Valid values are

0 to turn offthe option, 1, 2, or 3 to orient the material reference axis i_ .rpendicular to the projection
on the 1-2 material plane of the global X, Y, or Z axis respectively, -1,-2, or-3 to orient the material

reference axis parallel to the projection on the 1-2 material plane of the global X, Y, or Z axis respec-
tively. Two digit packed values are also valid to utilize a cylindrical global coordinate system. The

two digits indicate the radial axis * 10 + the tangential axis, with the material reference axis oriented

perpendicular (+) or parallel (-) to the tangential axis projection based on the sign of IGAX. The
fast non-zero value in the model found for IGAX will be used. If different values for IGAX are

encountered a warning will be printed, but the fast non-zero value will be used in the CSTEM input

deck. Note that specification of IGAX will eliminate the need to specify the zero degree reference
axis using discrete element fields.

The bulk property option, ISMEAR, indicates that the properties of the material layers in the layup

for the element are to be combined to generate equivalent orthotropic material properties in the
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CSTEM analysis. Valid values for ISMEAR are 0 to not use and 1 to use equivalent bulk properties.

The value for ISMEAR may be specified differently from element to element.

The change base axis option relates to the generation of the material coordinate system from the ele-

ment coordinate system. In CSTEM, the material coordinate system is formed by performing a se-

quence of cross products on the element coordinate system, using the specified material 3 axis
(CSTEM variable LAX) as the base axis by default. The base axis remains unchanged by the cross

product process. This default preserves the material 1-3 plane and directly uses the through thick-
ness element coordinate system axis orientation as the material 3 direction. This may be inappropri-

ate for elements skewed through the thickness. In such a case, one of the other two element coordi-

nate system axes, 1or 2, can be used as the base axis for generation of the material coordinate system.

Specifying the base axis as I will use the default 00 material reference axis as the base axis. Specify-

ing the base axis as 2 will use the default material in plane transverse (90 °) axis as the base axis.

Either will preserve the material 1-2 plane and change the orientation of the material 3 axis from

the through thickness element coordinate system axis.

It may be advantageous to know the relationship between PATRAN IE element faces and CSTEM

element faces to help with the change base axis specification. The PATRAN face number can be

determined from within PATRAN by selecting the element face. Knowing the relationship between
the PATRAN element faces and CSTEM element faces, the CSTEM face number can be determined.

The CSTEM face number indicates the orientation of the element coordinate system, which is also

the initial material coordinate system orientation. In any case it is recommended that the resulting

layer orientations be checked using the layer visualization method described on page 26.

The relationship between PATRAN element face numbers and CSTEM element face numbers and

the CSTEM coordinate system axes:

PATR/d_ face number:. 1 2 3 4 5 6

CSTEM face number: 5 6 1 4 2 3

Element Coord System axis: +r -r +t -s -t +s

Marl Coord System axis: +1 -1 +3 -2 -3 +2

Marl Coord System axis: +2 -3 +2 -1 -2 +1

Marl Coord System axis: +2 -2 +1 -3 -1 +3

(for stacking axis LAX -- t)

(for stacking axis LAX -- r)

(for stacking axis LAX -- s)

Figure I displays the manual layered element property form as it appears in PATRAN.
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Figure 1. Manual Layered Element Properties Form
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Cross Section Layered Element_:

Layered (x-sect) elements have 4 element properties, all of which are optional. There is no layup
specification since this is done by assignment and definition of generation orders as determined from

the layering definition. Three of the element properties are identical to those for manual layered

element properties: CSTEM variables IGAX and ISMEAR, and the change base axis option. The

third element property indicates whether the cross section layup should be applied symmetrically

or not. This element property is important for those elements (usually surface elements) to which

the spatial FEM field is applied, defining the generation order to be used for the cross section. Valid

values for this flag are 0 for a symmetric layup (the default) or 1 for a non-symmetric layup.

Figure 2 displays the Cross Section Layered Element Properties form as it appears in PATRAN.

Unspecified Element Properties

Although not a recommended practice, but possibly occurring due to oversight, elements with ele-

ment properties left unspecified will be assumed to be homogeneous with integration order 2. The

material type of unspecified elements will be output as material number 0, which defaults in CSTEM
to material 1. Elements with layered element properties (manual or cross section) will not be layered

if the layering definition (Fields) has not been supplied for those elements. For manual layered ele-
ments with no layering definition, the element material number will correspond to the material given

as the layup name, while for cross section layered elements it will be 0. The integration order will
be as specified by the Standard or Reduced Integration menu selection.
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Figure 2. Cross Section Layered Element Properties Form
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LAYERING DEFINITION

The CSTEM preference supports both the manual layering and cross section layering methods used

by the CSTEM program. Manual layering requires the layup be completely defined and assigned
to the element. For manual layering, layer thicknesses are in terms of element thickness fractions

and thus add to 1.0. Cross section layering requires that repeating layer subsets and the order that

these subsets are applied be defined and applied to model cross sections. (A model cross section is

a through thickness sequence of elements.) For cross section layering, layer thicknesses are in actual

thickness dimensions (i.e. inches). The alternative method of assignment of a representative cross

section to other model cross sections is not available from the CSTEM preference.

Definition of layering using the CSTEM preference involves 4 steps, which are listed below with

the Menu locations where the step is performed. These steps do not necessarily have to be performed

in the order cited, but substeps do (i.e. substep la must be performed before substep lb).

1) a) Specification of individual layer material properties
(Materials: Createdlsotropic/Manual or Create/Orthotropic/Manual)

b) Definition of composite material layers comprising generation sets
(Materials: Create/Composite/Laminate)

2) Definition of element properties:

layered or homogeneous, IGAX, ISMEAR, unsymmetric layup, basis change
(Element Props: Create/3D/Solid or Modify/3D/Solid)

3) Definition of layering fields:

stacking axis, generation order, and reference axis

(Fields: Create/Spatial/FEM, Discrete, Scalar, Element)

4) Specification of generation sets and definition of generation orders

(Analysis: Write Input Deck/Entire Model/Full Run)

Step 1:

The specification of individual layer material properties must be done before a composite layup can

be defined. The layer material properties may be isotropie or orthotropic. The specification of a

composite layup should be done using the Laminate method. The composite material layup is used
differently depending whether manual or cross section layering is used. For manual layering, the

sum of the layer thicknesses must add to 1.0 since the thickness for the manual layering method is

in terms of the element thickness. For cross section layering, the layer thicknesses are the actual

thickness dimensions and the defined material layup will be used as a repeating set of layers in a

sequence of such sets. The stacking sequence convention specification on the laminate composite
form must also be considered since use of one of the symmetry conventions will double the number

of layers in the layup. In the case of cross section layering, this symmetry applies to the repeating
set of layers only.

Step 2:

Elements are defined as layered (manual), layered (x-sect), or homogeneous through assignment
of element properties. Element properties can be modified after creation, but changing between ho-

mogeneous elements and layered elements may not be possible. Element properties are further de-
scribed in the Element Properties section of this document.

Homogeneous Elements:

Elements defined as homogeneous are not layered and are integrated using a standard Gauss quadra-

ture. The element properties for homogeneous elements consist of a mandatory material name and
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an optional material skew coordinate system reference. These elements can be made up ofisotropic

or orthotropic material, depending on what material is assigned to them. Homogeneous elements

which are assigned composite materials will use the equivalent bulk (smeared) orthotropie material

properties calculated from the composite layup assigned to the element. Orientation of the material

corresponds to the local skew material coordinate system assigned as an element property. If no

skew material coordinate system is assigned, the material is aligned with the global coordinate sys-

tem: 1 along X, 2 along Y, and 3 along Z.

Manual Layered Elements:

Layered (manual) element properties consist of a mandatory layup name and three optional proper-

ties: the IGAX hybrid axis specification, the ISMEAR equivalent bulk property indicator, and the

change base axis option. The Element Properties form for manual layered elements is shown in Fig-

ure 1. The layup name is a required property and may be an isotropic or orthotropie material as well

as a composite laminate material. If an isotropic or orthotropic material is specified as the layup,

the element will have a single layer and thus be homogeneous. The orientation of the material will

be defined by the thickness and reference axes of the element specified by the field of Step 3.

The IGAX variable is currently a global variable. It applies to and is the same for all elements in

the model and so should be specified the same for all elements. However, as an element property,
different IGAX values can physically be specified for different elements. Only the first encountered

non-zero value for lGAX will be used. Absolute values of 1, 2, or 3 are valid for the IGAX material
property, corresponding to the global X, Y, and Z axes respectively. A two digit combination of 1,
2, or 3 is also valid for IGAX, indicating a radial/tangential orientation. Activation of It3AX in
CSTEM will rotate the material reference direction (0" direction) about the material thickness axis

until it is oriented with respect to the projection of the IGAX global axis on the material 1-2 plane.
The material reference direction is oriented with respect to the tangential (ones digit) axis for two

digit radial/tangential combinations. Positive values of IGAX indicate that the material reference

direction is to be perpendicular to the IGAX global axis, negative IGAX values indicate that the ma-
terial reference direction is to be parallel to the IGAX global axis.

The ISMEAR option indicates the desire to use equivalent bulk properties, and is activated in the

CSTEM input deck. Values of 0 or 1 are valid for the ISMEAR element property. Setting the IS-

MEAR element property to I indicates that equivalent bulk properties should be used, while 0 indi-
cates that explicit layered properties should be used. The default, ffno value is entered for ISME ,
is ISMEAR---0.

The change base axis option indicates a change in the default sequence of cross products performed

on the element coordinate system used to generate the material coordinate system. The default se-

quence preserves the 1-3 plane as def'med by the element coordinate system and leaves the specified
through thickness axis unchanged. For elements which are skewed in the thickness direction, the

change base axis option allows the generation of the material coordinate system to be modified so

that it is oriented properly in the thickness direction.

Layered (manual) elements which are assigned a layup (which can be a defined composite material

or an isotropic or orthotropic material) will be treated as homogeneous if no other steps which further

def'me the layering are performed. Since no skew material coordinate system can be assigned to lay-

ered (manual) elements, the material will be aligned with the global coordinate system: 1 along X,

2 along Y, and 3 along Z.
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Cross Section Layered Element_:

Layered (x-sect) elements have no mandatory element properties. The four optional element prow
erties are the IGAX hybrid axis specification, the ISMEAR equivalent bulk property indicator, the

unsymmetric laminate option, and the change base axis option. The IGAX, ISMEAR, and change
base axis element properties are similar to those for manual layered elements. The Element Proper-

ties form for cross section layered elements is shown in Figure 2. Layups are not specified as a cross
section layered element property, but are specified as described in Step 4.

The IGAX variable is currently a global variable. It applies to and is the same for all elements in

the model and so should be specified the same for all elements. However, as an element property,

different IGAX values can physically be specified for different elements. Only the first encountered
non-zero value for IGAX will be used. Absolute values of 1, 2, or 3 are valid for the IGAX material

property, corresponding to the global X, Y, and Z axes respectively. A two digit combination of 1,

2, or 3 is also valid for IGAX; indicating a radial/tangential orientation. Activation of IGAX in
CSTEM will rotate the material reference direction (0 ° direction) about the material thickness axis

until it is oriented with respect to the projection of the IGAX global axis on the material 1-2 plane.

The material reference direction is oriented with respect to the tangential (ones digit) axis for two
digit radial/tangential combinations. Positive values of IGAX indicate that the material reference

direction is to be perpendicular to the IGAX global axis, negative IGAX values indicate that the ma-

terial reference direction is to be parallel to the IGAX global axis.

The ISMEAR option indicates the desire to use of equivalent bulk properties, and is activated in the

CSTEM input deck. Values of 0 or 1 are valid for the ISMEAR element property. Setting the IS-
MEAR element property to 1 indicates that equivalent bulk properties should be used, while 0 indi-

cates that explicit layered properties should be used. The default, if no value is entered for ISMEAR,
is ISMEAR=O.

The unsymmetric layup option is used to indicate whether the model cross section should be layered
symmetrically or not. This corresponds to the sign of the CSTEM variable LAX. Values of 0 and

I are valid for the unsymmetric layup option, with 0 indicating the layup is to be generated as sym-
metric and 1 indicating the layup is not symmetric. The default, used if no value is indic_ for this

option, is to indicate a symmetric layup (0).

The change base axis option is used to modify the manner in which the material coordinate system
is derived from the element coordinate system. The material coordinate system is derived by per-
forming a sequence of cross products performed on the element coordinate system. Normally this

is done so that the orientation of the element coordinate system axis corresponding to the through
thickness stacking axis (i.e. material 3 axis) is not changed. For elements skewed in the thickness

direction of the mesh, this is not appropriate. The stacking axis should be perpendicular to the plane
of the material layers. In this situation, the change base axis option allows the user to specify that

an element coordinate system axis other than the one corresponding to the stacking axis be used as
the base axis for generating the material coordinate system. The orientation of the user specified
base axis would not be changed, allowing the stacking axis to be adjusted so that it is perpendicular
to the material layers. The base axis is 3 by default. Setting the base axis to 1 or 2 changes this de-
fault. Changing the base axis to 1 indicates that the element coordinate system axis corresponding
to the material reference axis is to be used as the base axis. Changing the base axis to 2 indicates

that the other in plane element coordinate system axis, the one corresponding to the material 90 ° axis,

is to be used as the base axis. Either of these two axes could be used, although the skewness of the

mesh in the plane of the material layers may determine which axis should be specified.
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Layered (x-sect) elements for which no other steps are performed to further define the layering will

be assigned a material number of zero in the CSTEM input deck. CSTEM translates a material num-

ber zero as material 1, so if a material 1 is written to the CSTEM input deck the layered (x-sect)

elements will act as homogeneous elements with material 1 properties. Since no skew material coor-

dinate system can be assigned to layered (manual) elements, the material will be aligned with the

global coordinate system: 1 along X, 2 along Y, and 3 along Z.

Step 3:

Layering of elements in CSTEM is generally done with refer-

ence to the element coordinate system. This requires specifi- i
cation of the stacking (through thickness) axis and the refer-

ence (0 degree) axis of the element. This specification is done

utilizing the FEM method of the PATRAN Spatial Field op-

tion, applying discrete scalar fields onto element faces. The

Fields form is shown in Figure 3 with the appropriate settings

for Action/Object/Method and the toggles.

Stacking, Axis:

The stacking face of an element is identified by applying a

field value between 0 and 99 on the element face. The stacking

face of an element is a face normal to the stacking axis (i.e.

through thickness axis) of the layup contained within the ele-

ment. The stacking face is in the plane of the ftrst or last layer

in the element, so either of two faces can be specified as the

stacking face of an element. Multiple specifications for an ele-

ment will cause any previous specifications for the same ele-

ment to be overwritten. The same stacking axis will be identi-

fied regardless of which of the two stacking faces the field is

applied to. Figure 4 shows the field table data form ready to

identify selected element faces as stacking faces.

For layered (manual) elements, the stacking sequence prog-

resses from the face onto which the field is applied. This

means that the fhst layer defined in the composite material

will lie at the face onto which the discrete scalar field is applied

and subsequent layers will be stacked in sequence in the direc-

tion towards the opposite face of the element.

Figure 3. Fields Form
For layered (x-sect) elements, only one element in a cross see-

tion should have a stacking face specified. A cross section is Settings for Layering Fields
a sequence of elements along the stacking axis through the

thickness of the model. CSTEM input does allow for specitieation of sub--surface cross sections,

but the capability to specify sub-surface cross sections does not exist in the current preference.

Therefore, cross sections as identified by the preference are assumed to begin at a free surfaoe and

continue through the thickness of the mesh to the opposite free surface. This being the ease, it is

good practice to apply the field def'ming the stacking axis to the surface face of an element at the

mesh surface. Note that the preference does not check whether or not the field has been applied to
a free surface.

A4-17



Figure 4. Stacking Axis Assignment Figure 5. Generation Order Assignmenl

Generation Order:.

Layered (x-sect) elements obtain layup information from a layup generation order (stacking se-
quence) applied to the cross section. The generation orders themselves are defined in Step 4. The

assignment of a particular generation order to a cross section is defined by the value of the field ap-
plied to an element face in the cross section. Currently, CSTEM allows a maximum of 90 generation

orders, so the field value should be from 1 to 90, corresponding to the number of the generation order
that is to be used to define the cross section layup. Layered (manual) elements obtain complete ele-
ment layup information from the composite material definition specified as the layup name for the
element. Since layered (manual) elements do not utilize generation orders, any number between 0
and 99 can be used to specify the stacking axis, but a value of 0 is recommended. Figure 5 shows

the field table data form ready to assign a generation order to element stacking faces.

Reference Axis:

The axis from which the layer orientation is measured is called the reference axis. Specification of

a stacking axis implies a default reference axis in CSTEM. Since the default reference axis is not

easily determined by the PATRAN user, this axis must also be indicated by assignment of a spatial

FEM discrete element field. The reference axis is identified by applying a field value of 100 or great-

er to the face normal to the reference axis. If the specified reference axis does not correspond to the

default, an angular offset of 90 degrees is used with the orientations of the layers within the cross
section layup. The reference axis and stacking axis field values can be applied within the same or

in separate spatial FEM fields.

The stacking axis and reference axis are based on element coordinate systems, which may vary from

element to element. However, a common element connectivity ordering sequence is generally used
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within a geometric entity. If all elements within a particular geometric entity have the same refer-

ence axis it is undesirable to require that both the stacking axis and reference axis for each element

be specified. Thus, it is only required that the stacking axis be specified for every element or cross

section, but the reference axis can be inferred by specifying it for as few as one element within a

geometric entity. If at least one element in a geometric entity has a specified reference axis, any
elements without a specified reference axis that are associated with that geometric entity will use

the same reference axis as the specified element. Multiple reference axis specifications can be ap-
plied if desired. The first encountered reference axis specification, which will be for the lowest.num-

bered element in the geometric entity with a reference axis specification, will be used for _ified

elements. Explicit reference axis specifications will not be changed by this inferred reference axis

capability.

Use of the IGAX hybrid axis option eliminates the need to specify the reference axis since the refer-

ence axis will be oriented relative to the IGAX global axis.

Step 4:

Generation sets and generation orders must be defined for use with layered (x-sect) elements. Gen-

eration sets are sequences of material layers and can be thought of as the repeating sets of layers used
as building blocks to specify a layup stacking sequence. Generation orders are sequences of genera-

[ion sets and define tiae_tual layup stacking sequenc%. C_neration sets are the composite material
definitions of Step lb.

Generation sets and generation orders are defined using the forms accessed from the 'Specify Layer
Gen Sets' button of the Analysis form. Selection of this button displays two forms, which are shown
in Figure 6. The form labelled 'Select Layup Generation Sets' lists all the composite materials de-
fined in the PATRAN database. The form labelled 'Generation Order Definition' allows definition

of the generation order number specified in the generation order number databox. This generation
order will be used to layer cross sections with layering field values matching the generation order
number. Composite materials to be used as generation sets are highlighted one at a time and the Ap-
ply button of the' Select Layup Generation Sets' form is selected to add a generation set to the gener-
ation order. The selected generation set is assigned an appropriate number for use in the CSTEM
input deck and appears in the generation order listbox. Generation sets are added to the generation
order one at a time until the generation order is completed as desired by the user. The Apply button
on the 'Generation Order Definition' form is then selected to store the generation order definition.
An individual generation set can be deleted from the generation order definition using the Delete

button. The entire generation order listbox can be erased using the Reset button. The Apply button
must be selected to store any changes made to a previously saved generation order.

The preference will generate two generation sets on the CSTEM input deck for every generation set

defined. One is the original generation set with orientations as entered by the user. The second con-
tains orientations with a 90 degree offset, which are used if the specified reference axis does not cor-
respond to the default. The CSTEM preference will similarly create a generation order using the

original generation sets and the rotated generation sets. The preference determines the proper gener-
ation order to use in the CSTEM input deck from the reference axis information of a cross section

specification.

Note that generation orders are not stored in the PATR.M_ database, but only in memory. Since this

information may take some time to generate, the information is written to a version numbered file

called GEN. DEFN, which can be used to restore previous generation order definitions. Additional
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LOAD CASES

The CSTEM finite element code has multiple load case capability, but the CSTEM deck generator
will translate only a single load case at a time. Multiple load case input decks can be formed by se=
lecdng Add Load Case or Add LC (no mad) as the Analysis form method. If this is done in immedi-

ate succession tOgeneration of the first load case using the Full Run method, the additional load cases
will automatically be appended to the CSTEM input deck file, f3 5. dat. If done at a liner time
when the C.STEM input deck file, f3 5. dat, has been renamed and does not exist, the additional

load cases will be written separately to f3 5. dat and the user will have to manually appm_ this

file to the CSTEM input deck. In either case, the CSTEM analysis control variable NLC indicating
the number of load cases wiU have to be changed to the appropriate value.

The difference between the Add Load Case method and the Add LC (no matl) method pro'rains to

whether or not the material properties on the PATRAN database are written to the CSTEM input

deck. Material properties can be changed from load case to load case in CSTEM. When material
properties are input for a load case, the stiffness matrix will be reformed due to the change in material
properties. Reforming the stiffness matrix will take some time, which is unnecessary if the material
properties have not really changed. If the material properties on the PATRAN database have not
changed, the Add LC (no matl) method should be used to write additional load cases to the CSTEM
input deck. If material properties have changed, the Add Load Case method should be usedso that

the new material properties are written to the CS_ input deck.

Boundary conditions from multiple PATRAN load cases can be combined into a single CSTEM load

case. Input is required to indicate which of the existing PATRAN load cases are to be translated.

This information is specified with the Select Load Cases button of the Analysis form. The load cases

desired on the CSTEM deck are highlighted in the select databox. A limit exists on the number of
load cases that can be combined. Currently this limit is set at 10. This number can not be exceeded
since when 10 load cases have been specified for translation, the translation will begin.

In PATRAN, load sets associated with a load case are referenced by ID numbers. A limit exists on

the number of load sets that can be translated from a single load case. Currently this limit is set at

100. If the number of load sets in a load case exceeds this limit, a warning is written and the load
case is skipped and not translated. PATRAN load cases can be static, time dependent, or frequency
dependent. CSTEM can use time dependent heat transfer load cases, so static and time dependent
load cases are translated. Static and time dependent heat transfer loads will be written to the C.STEM

heat transfer input deck, but only static structural loads are utilized by CSTEM.
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Figure 6. Specify Generation Sets Form

details for reading in generation set and generation order definitions are given in the description of
the Analysis form (see page 24).

Layering Recommendations

Since underlying geometric entities can be utilized to implicitly specify a reference axis for elements

associated with the geometric entity, it is recommended that elements not be created from manipula-
tion of other elements. Rather, the underlying geometric entities should be manipulated and meshed

similarly. However, if the IGAX option will be used this recommendation does not apply.

When applying the spatial FEM fields, consider the posting of individual groups to help avoid tile

inadvertent application of fields on faces of undesired adjacent elements. There may be times in
setting up fields when a mesh seam is bordered by several elements and picking a large number of
faces would be easily done using a box or CYRL-pick polygon except that the faces are shared by
elements that should not be selected. It may be easier to create a group of the desired elements, post-

ing only that group, then selecting the faces, rather than individually picking faces or editing the

picldist to eliminate undesired element faces.
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LOADS AND BCS

PATRAN loads are separated into static, vector, and dynamic loads. Only static and vector structural
loads are translated. Dynamic loads are read for heat transfer loads only since CSTEM heat transfer

loads can be time dependent. Only loads for 3D elements are translated.

PATRAN allows the specification of a load scale factor, typically located at the top of the specific

boundary condition form. The boundary condition values written to the CSTEM input deck are the

boundary condition values multiplied by the scale factor.

PATRAN loads can be assigned priorities. These priorities are currently not utilized by the transla-
tor. Only the last of multiple similar type loads applied to the same node or element will be applied

in the CSTEM load case. These priorities apply within a single load case only and since the capabili-

ty to combine multiple load cases is being allowed, these priorities lose significance.

Structural loads are displacement, force, pressure, temperature, velocity CRPM), and inertial loads.

Heat transfer loads are prescribed temperatures, convection, radiation, surface and nodal heat flux,
and internal heat generation. Both types of loads are specified from the Load/BC form of PATRAN.
The CSTEM preference restricts the application of these loads to entities that are supported in

CSTEM. These entities are nodes and element faces, with the option for uniform element face loads
and variable element face loads in some cases.

Boundary conditions applied to nodes are temperatures, displacements, rotational velocities (RPb0,
linear accelerations, forces, thermal temperatures, and heat fluxes. Thermal temperatures are inter-
preted as prescribed temperature boundary conditions in CSTEM heat transfer. Initial temtmmures

are taken by CSTEM as the input structural nodal temperatures. Element temperature specification
takes priority over nodal temperature specification in the preference. Rotational velocities are de-
fined as a nodal quantity, so PATRAN wiU allow different nodes to have different rotational veloci-
ties. However, rotational velocities wiU not be translated to the CSTEM input deck unless applied
to all nodes in the model. The same is true for linear accelerations.

Boundary conditions applied to element faces are pressures, convections, radiations, heat fluxes, and

heat generation. Pressure loads can be applied as varying over the element face, but are averaged

and translated as constant face pressures by the deck generator. Element temperatures have higher
priority than a temperature specified as a nodal temperature. Element temperatures can be applied
as varying over the element face.

Multiple load variables can be associated with a given load type in PATRAN. Of the recognized
static loads, only convection and radiation loads contain more than one load variable. For convec-
tion, load variable 1 is the convection coefficient and load variable 2 is the ambient temperature.

For radiation, load variable 1 is the radiation (i.e. environment) temperature, load variable 2 is the

viewfactor, load variable 3 is the emissivity scalefac]_,lbad variable 4 is the gaseous emissivity,

and load variable 5 is the gaseous absorptivity. The emissivity scale factor (variable 3) is included
as a load so that modifications based on loading can be included in the emissivity, which is entered
as a heat transfer material property. The emissivity scale factor multiplies the temperature interpo-
lated emissivity value.

Radiation loads in CSTEM can include modifications for gaseous emissivity and absorptivity. If

values are specified on the boundary condition form for these quantities, the modification will be

included on the CSTEM input deck, otherwise this modification is not activated. Specifying gaseous
emissivity and absorptivity as 1.0 is equivalent to deactivating this modification.
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ANALYSIS

The Analysis form provides access to CSTEM specific func-

tions. The Action, Object, and Method buttons modify what
is done from the form. Available options for Action are Write

Input Deck, Results, and Write Input Deck (db closed). The

Analysis form is shown in Figure 7.

The Analysis form is where the layering definitions are final-
ized for cross section layered elements, by selecting the Spec-
ify Layer Gen Sets button. Details relating to layering defini-

tion and the use of this function are described in a separate

section of this document, in particular as Step 4 of the layering

definition process (see page 16). Other Analysis form func-

tions related to layering are restoration of previous generation
set specifications, visualization of layer orientations, and

selection of layering fields. Other functions relate to specifi-
cation of CSTEM analysis and load case control variables and
selection of load cases to be translated.

Action

The Write Input Deck and Write Input Deck (db closed) ac-

tions perform exactly the same function, which is to generate
a CSTEM input deck. The only difference is that the PA-

TRAN database will be closed during the CSTEM deck gen-
eration process if the (db closed) option is selected. The

CSTEM deck generation process itself opens the PATRAN
database and if all available PATRAN seat licenses are in use

this may cause failure of the process. The (db closed) option
will have only one database open at a time during CSTEM

deck generation. Since it may take extra time to open and
close the PATRAN database, use of the (db closed) option is
not desirable unless necessary.

Results is a post-processing action. Post-processing of
CSTEM results in PATRAN is done by using CSTEM gener-
ated neutral results fries. Some results files can be translated

directly into the PATRAN database, while other results files
can be read into PATRAN by selecting File/Import... from the Figure 7. Analysis Form

main menubar. The results files are written when the IPAT in-

put variable is activated. A method which creates PATRAN XYDATA fries from the CSTEM

printed output FILE4 is also available.

Object

Entire Model and Current Group are available objects for Write Input Deck. Selecting Entire Model

will include all appropriate FEM entities in the database into the CSTEM input deck. Selecting Cur-

rent Group will include only the FEM entities in the currently selected group into the input deck.
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Method

Two options for Method are available for the Write Input Deck action. The Full Run method writes

the entire CSTEM input deck, with boundary conditions in the selected load cases written as CSTEM
load case 1. If the Add Load Case method is selected, only the items which apply to CSTEM load
case input are written. Model geometry, analysis controls, layering definitions, etc. will not be writ-

ten when Add Load Case or Add LC (no marl) is selected. If the file f3 5. rat is found, the load
case inputs will be appended to this file, but the number of load cases variable, NLC, will not be

changed.

There are three methods available for the Results action. The Translate method reads CSTEM gener-

ated results fries directly into the PATRAN database. The Template method will generate template
files for reading results fries into the PATRAN database using File/Import... from the main menubar.
The Create XYDATA Files method creates files that can be used to generate XY plots in PATRAN
from the CSTEM printed results file, FILE4. Results across multiple load cases can be displayed
for a particular node or element location. The Results action is described beginning on page 27.

Write Input Deck

The following sections describe the functions of the buttons pertaining to the Write Input Deck ac-

tions on the Analysis form.

Analysis Controls

Selection of the Analysis Controls button posts a form which contains toggles and databoxes for
specification of various global CSTEM analysis and restart options. The CSTEM User Manual con-
tains detailed descriptions of these variables. The analysis options are available as toggles, so they

are either on or off. Some oftbese analysis controls have more than one option in CSTEM. Selection
of the toggles will activate the most common and/or recommended options for these variables. Fig-

ure 8 shows the Analysis Controls form accessed by selecting the Analysis Controls button.

When the creep toggle is activated, an additional form for specifying creep time increment control

variables will be posted. Depending on the setting for the number of timesteps, which controls

whether dynamic time incrementing is used, another form for specification of the additional vari-
ables associated with dynamic time incrementing will appear. Selection of the damage mechanics
toggle will cause the time increment control form to be posted, since a non-zero time increment is
required for damage to be calculated. The number of thnesteps and the dynamic time incrementing

form are not applicable for damage mechanics analysis. Figure 10 shows the time increment and
dynamic time increment controls forms.

Load Case Controls

Selection of the Load Case Controls button posts a form which allows specification of variables

which can be changed from load case to load case within CSTEM. In addition, a button which can
be used to activate a form for input of keyworded input is accessible from this form. The keyword
input form simply transfers the string typed in by the user to the keyword input location of the

CSTEM input deck without modification. Figure 9 shows the Load Case Controls form accessed

by selecting the Load Case Controls button.

Specify Generation Sets

Generation sets and generation orders for x-see layered elements are def'med by selecting this but-

ton. Layering for manual layered elements is defined by specification of a Layup Name on the Ele-

ment Properties form for manual layered elements (see page 6).
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Figure 8. Analysis Controls Form

|

Figure 9. Load Case Controls Form

N2M (# timesleps)

0

TIME (Time Increment)

0.0

Figure 10. Tune Incrementing Forms
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Generation sets are defined from composite materials existing in the PATRAN database. Generation
orders are defined as a sequence of generation sets. Generation orders define layering of cross see-

tions with field values matching the generation order number. A more detailed description of the

use of this formis found on page 16 as Layering Def'mtion, Step4. The forms displayed by selecting
the Specify Generation Sets button are shown in Figure 6.

Select Load Cases

This button must be selected prior to the Apply button of the Analysis form. If it has not, the Select

Load Cases form will be posted and the user will be requested to select one or multiple load cases
from the form to be included in the CSTEM input deck. It is not necessary to select a load case, but

it is necessary to initialize the form.

All load cases defined in the PATRAN database are displayed in the select databox. Load eases are

selected by highlighting the desired load case names. Selection of multiple load cases will combine

the boundary conditions of those load cases into a single CSTEM load case. Figure 11 shows the

Select Load Cases form accessed by selecting the Select Load Cases button.

Figure 11. Select Load Cases Form
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Read Layer Gen Sets

Note that generation orders are not stored in the PATRAN database, but only in memory. Since this

information may take a significant mount of time to generate, the information is written to a version

numbered file called GEN. DEFN. This file contains the generation set and generation order infor-

marion stored in memory. The generation order information refers to the generation set information,

while the generation set information refers to materials stored in the PATRAN database. Selection

of the Read Layer Gen Sets button posts a file selection form from which the user can select the de-

sired layering information file to be read. The layering definition file will be read and the layering

information stored in memory. It is the users responsibility to make sure that the proper layering

information file is used with the PATRAN database which corresponds to the referenced generation

set material numbers. Figure 12 shows the file selection form accessed by selecting the Read Layer
Gen Sets button.

Figure 12. Read Layer Gen Sets file selection form
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Select Layering Fields

Discrete spatial entity fields applied to element faces are used to specify the layering of the model

for CSTEM. Generally, all spatial entity fields are scanned to determine if they contain layering

definition information. This process involves retrieving the value of the entity field for every face

of every element, which can take some time for a very large model. The Select Layering Fields func-

tion can be used to indicate only those spatial entity fields which are to be considered for writing

to the current input deck. If other spatial entity fields unrelated to layering definition exist in the

database, they can be skipped. If several layering definition fields have been created as various alter-

native layering definitions for the model, the specific field or fields to use can be selected while the

alternative layering fields are skipped.

Clicking the Select Layering Fields button on the Analysis form will post the form shown in Figure
13. Fields to be used to define the layering of the model become highlighted when selected. More
than one field can be selected.

Figure 13. Select Layering Fields form
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Layer Orientation Visualization

Orientation of the fibers in layered elements can be visualized using the Orientation Visualization

button of the Analysis form. Layer orientation visualization requires a layer orientation visualiza-
tion file obtained from a CSTEM check run. The layer for which orientations are desired B entered

in the databox, the layer orientation visualization file (CSTEM output file 18) is input, and the Apply

button is selected. Fiber orientations are indicated by an arrow placed on the layer midsm-face in

each element in which the layer occurs. There is a toggle to indicate the choice to exhibit a cross
section layer or an element layer. The cross section layer option, which is available for ere_ Section
layered elements only, depicts a single layer in each stack of elements. The extent of a particular
layer throughout portions of the model having the same generation order can be seen as well as the

fiber orientation. In the element layer option, the layer number refers to that layer within every ele-
ment. Every layered element has a layer 1 even ff there are multiple elements through a cross section.

The orientation for all layers of all elements can be depicted at once by setting Layer Number = 0
and selecting Apply with the appropriate file entered in the databox. In this case the Element / Cross

Section toggle makes no difference. Figure 14 shows the file selection form accessed by selecting

the Layer Orientation Visualization button.

Figure 14. Layer Orientation Visualization Form
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Results

There are three methods available for the Results action: Translate, Template, and Create XYDATA

Fries. Translate and Template are methods to load results for the entire model into the PATRAN
database. Create XY'DATA Files is a method to generate XY plots of results at a particular location
in the model across multiple load cases.

The Translate and Template methods load results for the entire model into the PATRAN database
using specific PATRAN results files generated for each solution load case. The nodal displacement

and temperature results fries, PATti SP and PA_EMI:', can be utilized interchangeably in
either the Translate Or Template method. The general nodal results file, PATtCDRES, is used with

the Template method only. The Translate and Template methods utilize different formats for the

element based results fries, PATELSIG, PATELEPS, and PATDAMGP. The Translate method re-

quires results at every element integration point for either homogeneous or layered elements. The
Template method requires results at the centroid of each layer in a layered element. The results fries

are generated by CSTEM as specified by the ]PAT analysis control variable. A positive value of
]PAT generates element results fries for use with the Template method. A negative value of ]PAT
generates element results fries for use with the Translate method. The other PATRAN results files

are generated identically for non-zero ]PAT.

Translate

Nodal displacements and temperatures can be wanslated directly into the PATRAN database from

the results files PATRANDISP and PATRANTEMP, respectively. Stress, total strain, and parameter

values from the damage mechanics model can also be translated directly into the PATRAN database
when element results fries PATELSIG, PATELEPS, and PATDAHGP are generated by a negative
value of ]PAT. When a negative ]PAT is specified in CSTEM, results at element integration points
are written to these element results fries. Results for layered elements are stored in layered form on
the PATRAN database. For layered elements the integration points in each layer are located on the
plane of the element centroid, so the layer through thickness locations are not available. Integration

point results are currently not contour or fringe plottable, but can be used to generate tensor plots
and XY plots.

Selecting the Apply button for the Translate method posts the Results Type and Results F'de Selec-
tion forms shown in Figure 15. The results file is selected from the Results File Selection form and
the results type contained on the file is indicated by selecting the appropriate toggle switch on the
Results Type Selection form. Although several result type toggles are visible for future utilization,
only those currently available are selectable.

Template

Appropriate results files can be read into PATRAN by selecting File/Import... from the main menu-
bar. A template file describing the format of the results file must be made available to PATRAN in

order to read the results file. Selecting the Apply button for the Template method will create PA-
TRAN template files for reading neutral results fries written by CSTEM containing displacements

(template_disp), nodal su_s_suam results(template_ndres), element stress(tem-

plate_esigl0), element strain(template_eepsl 0), and element damage parameter results

(template_daml O) for elements with up to 10 layers. The displacement and nodal results tem-

plate files are applicable to any model, although nodal stress/strain results are not written for layered

elements. The element results file can be used with layered or homogeneous elements. Homoge-
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Figure 15. Translate Results Selection Forms

Figure 16. Create XYDATA File Forms
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neous elements will have results for one layer only._It will be necessary to modify the element results

template file if the maximum number of layers in any element is greater than 10.

..... Thenod_ results flies which Can be postprocessed using the template fries are PATRANDISP and

PATNDRES. PATRANDISP contains nodal displacements, while PATNDRES contains nodal

Stresses, total strain, failure criteria, and temperatures. Nodal results are fringe plottabl¢.

Element results files PATELSIG, PATELEPS, and PATDAMGP can be postprocessed tk_ag tem-

plate fries if generated by a positive value of IPAT. When a positive IPAT is specified in CSTEM,

results at element layer centroids are written to these element results fries. Element results post'pro-

cessed in this way are fringe plottable by averaging the constant element values at shared nodes.

Create XYDATA FHes

This method collects results for a particular model location from the CSTEM printed results output

tie, FILE4, across multiple load cases. Up to four PATRAN XYDATA plot flies for certain results

quantities can be generated at a time. The XYDATA flies are written to the fries PATXY. I,

PATXY. 2, PATXY. 3, and PATXY. 4. Once generated, these flies can be externally renamed and

the process repeated to generate other fries for different results quantities or model locations.

Currently, results quantities available for access with this method are the 3 displacement components

at a single node, the 3 components of the summation of reaction loads, and the 6 components of

stress, total strain, and damage strain at a particular element location. The specific nodal location

is simply selected directly from the model. The elemental location is specified by selecting an ele-

ment from the model, then entering the location within the element where the results are desired.

The location within the element corresponds to a llne on the output FILE4 for the selected element

and as such is either an integration point, element local node, or element face as approprintz for the

particular FILE4 being used. So for a homogeneous element with results printed at order2 integra-

tion points any single integer from 1 through 8 would be a valid location.

Besides the XYDATA files, this method also automatically creates four other flies which contain

all the available results quantities in column form. These flies are POST4. i,which contains nodal

displacements for the specified node and reaction force sums, POST4.2, which contains stress re-

_ suits for the specified element location, POST4.3, which contains total strain results for the speci-

!_ fled element location, and POST4.4, which contains damage strain results for the specifiedelement

, location. These files are not directly usable in PATRAN, but may be u_ed as desired by the user.

Selecting Apply for the Create XYDATA Files method on the Analysis form will display a file selec-

tion form where the CSTEM printed output F'rLE4 is selected. Selecting Apply on the output

Fir.E4 selection form causes another form to be displayed. This second form is where the location

and resultsquantitiestobe used tocreatethe XYDATA friesarespecified.The two forms used with

the Create XYDATA Filesmethod are shown in Figure 16.
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P3 DATABASE TO SIESTA RDB TRANSLATOR

The P3 to SIESTA translator (pdb2rdb.x) can be activated as a standalone program or from within

PATRAN. When run as a standalone program, the required user supplied inputs are the database

name and a flag indicating the desire to use a particular PATRAN load case (1) or not (0), and values

for 24 CSTEM analysis and load case control variables. When nm from within PATRAN, these in-

puts arc supplied to the translator program through a script, wrdeck, written and executodby the

CSTEM preference. ,

Multiple load cases can be combined into a single SIESTA (CSTEM)load case. Overwrite for the

SIESTA database is turned on during the entire process. BTABs are set to store direct heat transfer

values as opposed to table numbers. Blank common IA is used to store node and element IDs, etc.

since the process of retrieving these from the PATRAN database generally requires that they all be

retrieved at once, returning in a single vector. Currently the length of blank common IA is set to

6(XX)00, which implies a general limit of 6(X)(X)0 nodes and I00000 elements. The I00000 element

limit is due to the use of blank common to store element face boundary conditions.

The basic functions are:

l) open the PATRAN database,

2) initialize the SIESTA database,

3) check max node and element names in the PATRAN model and increase NLIM if n_ecessary,
4) translate coordinate frames,

5) translate all NODEs in the PATRAN model, initializing temperatures to 70°F and setting ICS to

the PATRAN analysis coordinate system for the node.

6) translate all BRI8 or VANS in the PATRAN model, saving material codes,

7) translate constraint equations,

8) translate material properties (elastic and heat transfer only),

9) translate boundary conditions,

10) translate CSTEM analysis control variables to SIESTA using ANLS keywords,

1 I) translate the heat transfer material properties and boundary conditions directly to a CSTEM heat

transfer input deck,

12) 'wrap' the SIESTA rdb and generate 3D surfaces,

13) call the CSTEM input deck generator to convert from SIESTA database to CSTEM input deck
14) close the PATRAN database.

FRAMES

P_ cartesian coordinate flames are stored in SIESTA as direction cosine transforms

(ITYP=4). PATRAN cylindrical and spherical coordinate flames are stored with an associated trans-

formation matrix. Thus, cylindrical and spherical coordinate frames are stored in SIESTA with ref-

erence to a direction cosine transformed cartesian coordinate system. Any offsets are translated.
The PATRAN coordinate frame IDs are used as the SIESTA CSYD NAME. The associated trans-

form for cylindrical and spherical coordinate systems are stored in SIESTA with NAMEs numbered

sequentially from the largest PATRAN coordinate frame ID. A limit (blank common size) exists
on the number of coordinate frames that can be translated. Since coordinate frames in PATRAN are

accessed one at a time, this limit will not be exceeded.

PATRAN unrotated cylindrical coordinate frames have radial along local X and tangential along lo-

cal Y. SIESTA unrotated cylindrical coordinate flames have radial along local Y and tangential
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along local X. Therefore, SIESTA cylindrical coordinate frames correspond to PATRAN coordinate
frames such that SIESTA Y = PATRAN X, SIESTA X = PATRAN Y, SIESTA -Z = PAT Z.

The translation of transformations from PATRAN stores a reference transformation such that global

cartesian is transformed to SIESTA cylindrical, but oriented as PATRAN cylindrical. Stated another

way, the translation maintains the radial, tangential orientation which is indicated in PATRAN by

the local X and Y axes respectively, but stores this orient_ion using the SIESTA convention with
radial along local Y, tangential along local X, and axial along the negative local Z. Note that a corre-

sponding transformation of vector type boundary conditions is performed prior to storage in the
SIESTA database.

NODES

If the number of nodes exceeds the limit (blank common size) the program will STOP. Node names,
coordinates, coordinate system and temperature are stored. Temperatures are initialized as 70*F.

Actual nodal temperature values (if they exist) are set during Be translation. Two coordinate sys-

tems are returned for PATRAN nodes: a reference coordinate system and an analysis coordinate sys-
tem. The analysis coordinate system is saved as a SIESTA boundary condition coordinate system

(BCSY). Note that if any nodal boundary condition is applied to the node, the coordinate system
of the boundary condition takes precedence and will overwrite the stored analysis coordinate system.
The reference coordinate system is not translated.

ELEMS

If the number of elements exceeds the limit (blank common size) the program will STOP:. C_rently,
only hexahedral elements are accepted by the translator. If an element other than a hexahedral ele-

ment is encountered, the program will STOP. The element name, connectivity (converted to SIES-
TA/CSTEM convention), and material code are stored as BRI8 if the element has 8 nodes or VANS

if the element does not have 8 nodes. Unique material codes are stored in an array along with the

linearity code, directionality code, and laminate code corresponding to the material. This array is

used later to determine the material codes for which it is necessary to translate material properties.

Materials are stored using the same material number as in PATRAN when possible. Note that any

unique combination of material, linearity, directionality, and laminate codes generates anew materi-

al, so that if a particular PATRAN material code is used with multiple combinations of linearity,
directionality, or lamination it must be stored with a material number Other than the PATRAN materi-

al code. The number of materials is subject to a limit as set by the parameter MXM, which is current-
ly set to 100. If this limit is exceeded, a warning is written and storage of the material is skipped,
but translation of the PATRAN database continues.

The integration order of the element is determined from the PATRAN element formulation option.
Standard formulation corresponds to integration order 2 for 8 node bricks and 3 for 20 node bricks.
Reduced integration applies to 20 node bricks only as an integration order of 2. In SIESTA, this is
stored as NINT for the 20 node VANS elements.

There is currently only 1 element property defined for the CSTEM preference which is stored in the

SIESTA database, that being the element skew coordinate system. The element skew coordinate
system refers to a PATRAN local coordinate system to be used to orient an orthotropic material as-
signed to the element. This is stored as general element data 12 (GEl2) for the element in the SIES-

TA database. Other element properties (IGAX, ISMEAR, unsymmetric layup) are associated with
layered elements and are not stored in the SIESTA database.
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MPCS

PATRAN explicit MPCs are equivalent to SIESTA/CSTEM constraint equations. PATRAN num-
bers constraint equations independently from elements. The translated constraint equations are

numbered in SIESTA in sequential order beginning after the largest element name encountered. If

the number of MPCs exceeds the limit (blank common size) the program will STOP. The actual
number of SIESTA MPCs could exceed this limit because PATRAN can have sub-MPCs associated

with each MPC. As I understand it, PATRAN allows multiple dependent nodes to be specified in

explicit MPCs, then internally generates sub-MPCs of the usual form (one dependent DOFper equa-
tion). PATRAN defines 36 different types of MPCs. Some of these MPCs include rigid link.% sliding

surfaces, pinned joints, etc. Only explicit MPCs are translated. If something other than an explicit

MPC type is encountered, a warning will be written and that MPC will be skipped and not translated.

If an MPC is specified in a coordinate system other than the global coordinate system, a warning

will be written and that MPC will be skipped and not translated. Currently a limit of MXDEP=20
independent terms per constraint equations exists, which is the current limit in CSTEM. If this limit

is exceeded, a warning is written and the sub-MPC is skipped and not translated.

MATL

The unique material codes as determined from the element translation are passed into this routine,
along with the material linearity code, directionality code, and lamination code. A limit exists on
the number of material combinations that can be translated. This limit sizes the array storing the
unique material codes. Currently this limit is set at MXM=100. If more than 100 combinations of
materials, directionalities, linearities, and laminate code are used in the model, only the first 100
encountered during element translation will be translated. Note that material ids are checked until

all existing materials on the PATRAN database are translated to the SIESTA database whether or

not they have been detected during dement translation. (They may be used by layering!)

PATRAN materials are arranged in material categories with a linearity code and directionality code.
Currently the category (isotropic, 2D or 3D orthotropie or anisotropic) is ignored and this informa-

tion is obtained from the directionality code (isotropic, orthotropic, anisotropie, or 2D orthotropie
or anisotropic). Constitutive models are associated with a material code. Cm'rently active constitu-
tive models (those for which the CSTEM preference provides input capability) are elastic, plastic,

creep, failure, thermal, and damage. The model parameters are stored in the SIESTA database using

storage locations explicitly for such parameters, as ANLS (analysis code specific) data, or as genetic
table data. Thermal properties can only be stored as isotropie data. This is partially the reason why

the CSTEM heat transfer deck is written directly from the PATRAN database rather than from the

SIESTA database. (Thermal boundary conditions are the other reason.)

Isotropic plasticity data is stored on the SIESTA database as PLSD data. No modification are alter-

nate use of the reserved SIESTA database locations was necessary.

Potential function parameters for C.T. Sun orthotropic plasticity and creep are stored as ANLS data.

(The ANLS keywords used are described in Table 1.) The C.T. Sun plasticity stress--strain curves
are stored as PLSD data. Power law stress-strain curve coefficients A, n, and C are stored in the

stress-strain pair data locations 16, I7, and 18.

Isotropic creep model parameters are stored in the SIESTA database as CRPD data. No modification

or alternate use of the reserved SIESTA database locations was necessary.
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keyword description

CTPF

DAMG

DONE

FORM

TEMP

C12

C23

C13

A44

A55

A66

AI2

A23

A13

TABLE 1.

C.T. Sun potential function indicator

Damage Mechanics model indicator (unused)

End of input indicator

Damage Mechanics formulation indicator (unused)

Temperature

C.T. Sun potential

C.T. Sun potential

C.T. Sun potential

C.T. Sun potential

C.T. Sun potential

C.T. Sun potential

C.T. Sun potential

C.T. Sun potential

C.T. Sun potential

function constant C12

function constant C23

function constant C13

function constant a44

function constant a55

function constant ass

function constant a12

function constant a23

function constant a13

KEYWORDS FOR CSTEM MATERIAL MODELS

C.T. Sun orthotropic creep model parameters are stored as CRPD data. The SIESTA formulation
code is set to 5 to indicate C.T. Sun creep. The 7 creep coefficients are stored in the order B, C, D,
m, n, r, s.

Failure strengths (or failure strains) are stored in the SIESTA database as STMD data. The unspeci-
fied primary data location 8 is used to indicate the type of failure criteria used. The code is identical
to that used in CSTEM: l=Tsai-Wu, 2=max stress, 3=max strain, 4_Tsai-Hill. The strengths (or

failure strains) are stored in table locations 17 through 25 in the order FT1, FC1, FT2, FC2, F'I3,
FC3, $12, $23, and $31 where T denotes tensile and C denotes compressive strengths. Data loca-

tions 26, 27, and 28 are used for the Tsai-Wu interaction terms F12, F23, and F31.

Damage mechanics parameters are stored as generic table data (TABL). Vector DTDAMG is used

to store the table. Table 2. lists the vector locations of the damage parameters as stored in the table
vector DTDAMG.

A number (about 4 pages worth) of generic material words are associated with a material code in

PATRAN. Only recognized material words are translated. Currently recognized material words are

for elastic moduli 0511, E22, E33 ), Poisson ratios (PR 12, PR23, PR 13 or PR31), shear moduli (G 12,

G23, G31), density, thermal expansion coefficients (a11, a22, 033), thermal conductivities (kll,

10,2, k33), specific heat (Cp), emissivity (e), and reference temperature. Poisson ratios are assumed

to be row normalized (CSTEM convention). Number of plies is also a recognized material word.
If other than a recognized material word is encountered, a warning is written and that material word
will not be translated.

Material words contain either a constant material property value or a field number referencing a tem-

perature or time varying material field. Both constant valued and field specified properties are trans-

lated, although fields must be in tabular form to be translated. Material property fields in PATRAN
can also be in PCL equation form and it would be possible to generate a material property table from
the PCL equation, but this is not currently done. Allrecognized generic material words are tempera-
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1
2

13
14
15

16
17

18

25

26
27

28
29
30

31
32
33

34
35

36
37
38

39
40
41

42
43

CMCUMAT
Material Number

Table Type (0)
Damage Model (2 or 20)
Fiber Reference Length, L0
Fiber Radius, R

Composite Angle, y (unused)
Matrix Volume Fraction, fm
Fiber Volume Fraction, ff

Temperature
Matrix Modulus, Em
Matrix Poisson Ratio, PRm

Matrix WeibuU exponent, mm

Matrix Energy Release Rate, Ym
Matrix Saturation Value, Dsat
Fiber Modulus, Ef
Fiber Poisson Ratio, PRf

Fiber Weibull Exponent, mf
Fiber Interface Shear Resistance, th0
Fiber Reference Stress, SO

Normal Exponent, mS
Normal Normalization Stress, SN0

Normal Threshold Stress, Sth

Normal Saturation Value, Samp
Shear Exponent, mT
Shear Normalization Stress, TN0

Shear Threshold Stress, Tth

Shear Saturation Value, Tamp

polynomial
Material Number

Table Type 0)

Damage Model (3)

Temperature
Order 1 Cycle Coeff, AA
Order 2 Cycle Coeff, BB
Order 3 Cycle Coeff, CC

Order 4 Cycle Coeff, DD
Stress Ratio Constant, SA
Order 1 Stress Ratio Coeff, SB

Order 2 Stress Ratio Coeff, SC
Normalization Stress, SU

TABLE 2. DAMAGE PARAMETER LOCATIONS IN SIESTA TABLES

ture varying properties only. A limit exists on the number of temperatures that can be translated in

a table. The current limit is 10 temperatures. Ifa table contains more than I0 temperauaes, a warn-
ing is written and only the first 10 temperatures of the table will be translated. Stress-strain curve

pairs are entered as a function of temperature and strain. The strain is treated as an independent vari-
able, which requires that identical strain values be used at all temperatures. This is a restriction im-

posed by PATRAN field forms and is not necessary for either the SIESTA database or CSTEM input.

A limit of I0 stress-strain pairs exists. If more points than this limit is entered, a warning will be
written and only the first 10 points will be translated.

Note that PATRAN fields can be specified to calculate extrapolated values as zero, the last table val-

ue, or use linear extrapolation. CSTEM always uses linear extrapolation so the material tables are

modified if either of the two PATRAN options (zero and last table value) are specified. These modi-

fications add extra points to the table so that linear extrapolation will result in either zero or the last

value. If the addition of extra points will violate the limit on number of temperatures or strains, a

warning is written and the table is not modified with the result that linear extrapolation will be used.

It is recommended that, f'trst of all, material tables be input which bracket the expected ranges and

secondly, that linear extrapolation be specified.
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There are 25 genetic load types in PATRAN. Only recognized structural and heat transfer load types

are translated. Currently recognized generic structural loads are displacement, force, pressure, tem-

perature, velocity (RPM), and inertial loads. There are no CSTEM specific structural loads defined

by the CSTEM preference. Thermal temperatures are the only recognized generic heat transfer load.

CSTEM specific heat transfer loads that are recognized are convection, radiation, surface and nodal

heat flux, and internal heat generation. If unrecognlzod load types are encountered, a warning is

issued and the load is skipped and not translated.

Multiple variables can be associated with a given load type. Vector loads generally contain the

translation (force) vector as the f'u'st variable and rotation (moment) vector as the second variable.

Of the recognized static loads, only convection and radiation loads contain more than one load vari-
able. For convection, load variable 1 is the convection coefficient and load variable 2 is the ambient

temperature. For radiation, load variable 1 is the radiation (i.e. environment) temperature, load vari-

able 2 is the viewfactor, load variable 3 is the emissivity, load variable 4 is the gaseous emissivity,

and load variable 5 is the gaseous absorptivity. The emissivity (variable 3) is included as a load rather

than material property so that modifications based on loading can be included in the emissivity.

The CSTEM preference has been created to restrict the application of loads to entities that are sup=
ported in CSTEM. These entities are nodes and element faces, with the option for uniform element
face loads and variable element face loads in some cases. Although not possible with the CSTEM
preference, load application on element edges is checked in the boundary condition translation pro-
cess. If element edge loads are encountered, a warning is written and the load is not translated. Even-
tually, it may be desirable to convert element edge loads to nodal loads and translate them that way.

Boundary conditions applied to nodes are temperatures, displacements, rotational velocities (RPM),
and forces. Thermal temperatures are interpreted as prescribed temperature boundary conditions
in CSTEM heat transfer. Initial temperatures are taken by CSTElVl as the input nodal temperatures.

Element temperature specification takes priority over nodal temperature specification, which is
done in the following way. Prior to storage of a nodal temperature, the first working space in the

NODE storage vector (vector location 7) is checked and if found to be I the previous temperature
for the node will not be overwritten. Different nodes c_ have different rotational velocities in PA-

TRAN. The first encountered rotational velocity is stored locally and checked against all other rota-

tional velocities found. If a difference is detected a warning is written, but the new rotational veloci-
ties will be translated. This means that the last encountered rotational velocity is what will be
tm_slated.

Boundary conditions which are constant and applied to element faces are stored using BTABs. The
BTAB NAME used is the same as the PATRAN load ID. Such loads are pressures, convections, heat
fluxes, and heat generation. Pressure loads can also be applied as varying over the element face, in

which case they must be stored directly (BRI8 or VANS) and not as BTABs. Varying element pres-
sures are averaged and translated as constant face pressures (BRI8 locations 45- 50, VANS locations

41 - 46). Element temperatures are translated as nodal temperatures with the first working space
in the NODE storage set to 1 to indicate the temperature is to have higher priority than a temperature

specified as a nodal temperature. Element temperatures can be applied as varying over the element
face. Varying elemental convection, radiation, heat fluxes, and heat sources are currently unable to
be applied from the CSTEM preference, but coding exists which checks for varying loads of these

types and writes a warning that they can not be translated.

Nodal forces and displacements can be applied relative to a local PATRAN coordinate system. The
PATRAN coordinate systems are translated to SIESTA as described in the section about FRAMES.
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CSTEM requires that the different elastic properties be specified at the same temperature for a given
material. The specification temperatures may be different for different materials. As each property
is retrieved from the PATRAN database, the specification temperatures are checked against the pre-

viously stored specification temperatures. Ira difference is detected, a flag is set indicating this fact.
After all properties are retrieved, a warning is written and the properties for the material will not be
translated. Specification of a constant material property together with otherfield specified tempera-
ture varying material properties is acceptable and the constant value will be translated at the same

temperatures given for the varying properties.

The heat transfer properties are even more restrictive in CSTEM in that different heat transfer prop-
erties for all materials must be specified at the same temperatures, although they may be different

from the structural elastic property ternperamres. However, SIESTA allows specification tempera-
ture differences between different heat transfer materials. Therefore, the heat transfer properties are
checked in the same way as the elastic properties and any differences between materials would have
to be handled by the CSTEM deck generator in SIESTA. (However, as previously mentioned, the
thermal data is translated to the CSTEM input deck directly from the PATRAN database.)

The elastic material properties are stored in SIESTA as either temperature varying isotropic, temper-
ature varying orthotropic, constant isotropic, or constant orthotropic material tables (DMAT). Heat
transfer properties are stored as temperature varying isotropic material tables (HTMD). If ortho-
tropic conductivities are entered, kl 1 is used.

BCS

Boundary conditionsfrom multiplePATRAN loadcasescanbe combined intoasinglestoredSIES-
TA loadcase.Inputisrequiredtoindicatewhich oftheexistingPAIRAN loadcasesarctobe trans-

lated.The loadcasename isreferencedand aprompt isissuedtoentera I(one)fftheloadscontained

inthereferencedloadcasearetobe translatedora 0 (zero)fftheyarenottobe translated.Anything
otherthana I (one)isinterpretedasa 0 (zero).Itwould be possibletotranslateonlytheactiveload

case,which can be setinPATRAN priortoexitingtheprogram,butthisisnotcurrentlydone. A
limitexistson thenumber ofloadcasesthatcanbe combined. CurrentlythislimitissetatI0.This

number cannotbeexceededsincewhen 10loadcaseshavebeenspecifiedfortranslation,thetransla-

t.ionwillbegin.

InPATRAN, loadsassociatedwitha loadcasearereferencedby ID numbers. A limitexistson the

number of load sets that can be translated from a single load case. Currently this limit is set at 100.

If the number of load sets in a load case exceeds this limit, a warning is written and the load case

is skipped and not translated. PATRAN load cases can be static, time dependent, or frequency depen-

dent. CSTEM can use time dependent heat transfer load cases, so static and time dependent load

cases are translated. Static and time dependent heat transfer loads will be written to the C.STEM
input deck, but only static structur_ loads are translated to the SIESTA database.

PATRAN loads are also assigned priorities. These priorities are currently not utiliT_ed by the transla-
tor. Since SIESTA overwrite is turned on, only the last of multiple similar type loads applied to the

same node or element will be applied in the SIESTA load case. These priorities apply within a single

load case only and since the capability to combine multiple load cases is being allowed, these priori-

ties lose significance.

PATRAN loads are separated into static, vector, and dynamic loads. Only static and vector structural

loads are translated. Dynamic loads are read for heat transfer loads only since CSTEM heat transfer
loads can be time dependent. Only loads for 3D elements are translated.
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For cylindrical or spherical coordinate systems, reordering of the boundary condition components
is necessary along with the coordinate system translation. This is due to the fact that PATRAN de-

fines the cylindrical coordinate system in such a way that the 0 degree radial lies along the global

X axis with positive angles measured counterclockwise while SIESTA defines the 0 degree radial

aligned with the global Y axis with positive angles measured clockwise. The following component

reordering is applied for boundary conditions referred to PATRAN local cylindrical or spherical
coordinate systems: SIESTA X = PATRAN Y, SIESTA Y-- PATRAN X, SIESTA Z = PATRAN-7.,.

BSURF

BTAB loads require the load to be stored as a BTAB and the element face to record the BSURF.

Combinations of multiple load types on a given element face are permissible, but require a unique
BSURF NAME from element faces containing any of the single BTAB loads or a different combina-
tion of BTAB loads. This is done by storing BTAB NAME codes in the blank common vector, with
the position in the vector indicating the element, face combination. The storage location in the blank
common vector is calculated as (FACE-1)*MAXEL+ELEM, where FACE is the face number (1
to 6), ELEM is the element number, and MAXEL is the maximum allowable element name in the

model (currently 100(O). This is the source of the previously mentioned current effective limit of
100000 elements for the 600000 blank common vector length.

The quantity stored in the blank common vector is either the PATRAN load ID (BTAB NAME) or
a packed quantity which indicates the location in a storage vector of the PATRAN load IDs that are
combined on the element face. If the quantity is negative, the absolute value is the PATRAN load
ID and the load is stored as a BTAB with the same NAME as the PATRAN load ID. If the quantity
is positive, it is a packed sequence of vector locations. The packing is done by multiplying the pre-
vious value by 10 and adding the new vector location coring the PATRAN load ID to be com-
bined with the previous loads on the element face. Up to 10 PATRAN load IDs can be used in com-
binations. It appears that 10 vector locations is the limit for the packed value due to machine
precision. This results in a limit of 10 unique load IDs which can be used in various combinations.

More than 10 combinations can be used, but only 10 individual loads can be used in the combina-
tions.

An example may be illustrative:

LBSLrRF(101238)=I59 indicateselement1238,face2 has 3BTAB loadsappliedtoit.The 3 indi-

vidualBTAB loadsarestoredwithBTAB NAMEs as found inLID(D, LID(5),and LID(9).

Once alltheloadsand loadcaseshavebeen processed,theindividualBTAB loadsarecombined into
a new BTAB NAME, and thenew combined BTAB NAME isstoredintheelementfaceBSURF
location.
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Note that this method of determining BSURFs can result in non-contiguous BSURFs for certain

loadings:

BTAB Load #2

BTAB Load #1

Elements

e0 _
02 02 02

CONTROL VARIABLES

CSTEM analysis control variables are accessed from the Analysis toggle on the menu bar. Several

forms are accessed from the main analysis form. These include analysis controls and load ease con-

trois. Analysis controls are those variables which are read only once in an analysis. These variables

generally occur in the first 3 lines of a CSTEM deck following the title line. Load case controls are
variables which are read in each load case. These variables occur on the first 2 lines of load case

input in a CSTEM deck. Note that the CSTEM preference creates a single load case input deck only.

Many of the analysis and load case control variables are stored in the SIESTA database using the

ANLS option. There are two load case control variables which are stored into reserved SIESTA
database locations. The TIME variable is stored as CTRL data in location 37 and the NEIG variable

is stored as DYAN data in location 2. .........................

In addition to variables which can be accessed by the user from the CSTEM preference, there are

a number of CSTEM control variables which are hardwired to specific values, but still stored as :

SIESTA ANLS data. These include the variables IPAT, IEMAG, NOISE, IABSO, NFAIL, IEIGST,
and NEOUT.

Some CSTEM control variables are available only as toggles (on or off), but may have multiple op-

tions available as CSTEM input deck variables. In these cases, a specific value has been chosen as

the recommended default to activate the option. Such variables include IPLO, ICRO, and IDMO,

which default to the initial stiffness method when toggled on in the CSTEM preference. Also IDIS,

which defaults to stress reference to original configuration, and NOUT, which defaults to restart out-

put for last load case only. Load case control variables may change from load case to load ease, but

only a single load case will be written to the CSTEM input deck so no option is given to change or

indicate multiple choices for these variables.

A description of all the ANLS control variables is contained in Table 3. CSTEM ANLS data is indi-

cated by the keyword CSTI and is terminated with the keyword END.

Keyworded CSTEM input can be entered by using the Keywords... button on the Load Case Controls

form. This will create a form which allows the keyword input string to be entered. Selecting the

Apply button or a Return will record the keyword input string on a f'tie called KEYWORDS. The

keyword input strings are not translated into the SIESTA database. This file is later read by the deck

generation executable, which inserts the file in the appropriate location of the CSTEM input deck.

Note that the KEYWORDS file is initialized only once in a PATRAN session when the Analysis form

is initially selected. All keyword input strings recorded during that PATRAN session will be re-

corded into the KEYWORDS file, even if for different databases.
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ANALYSIS CONTROI_

keyword

IPLO

ICRO

IDMO

IDIS

IHTR

ICHK

NOUT

NRST

IRST

IPAT

IEM

NOIS

ISTR

input variable

IPLO

ICRO

IDMO

DIS

IHTR

ICHK

NOUT

NRESTA

INREST

HAT

IEMAG

NOISE

ISTRP

description

PlasticityOption Flag

Creep OptionF!ag

Damage OptionFlag

DeformationOption Flag

Heat TransferOption Flag

Check Run Flag

Output File Create Flag

Restart Option Flag

Restart Load Case

PATRAN Results File Flag

Electromagnetic Option Flag

Acoustics Option Flag

Element Print Flag

LOAD CASE CONTROLS

keyword

NBCK

ICAN

IHTM

IOUT

NTINI

IPC

IABS

FAIL

IEST

NEOT

input variable
mUCK

ICAN

IHT

IPOUT

NTIMND

IPC

IABSO

NFAIL

IFJGST

NEOUT

description

BucklingAnalysis Flag

Integrated Composites Analyzer Flag

Heat Transfer Load Case Flag

Printout Options Flag

Heat Transfer Structural Sol'n Timepoint

Inelastic Property Flag

Electromagnetic Analysis Flag

Failed Stiffness Flag

Modeshape Stress Flag

Selective Element Ou_ut Flag

[DYNAMIC _ INCREMENTING CONTROLS

keyword
N2M

TINT

ECMX

SGMX

ERMX

DLMN

DLML

input variable
N2M

TINIT

ECMAX

SIGMAX

ERMAX

DELMIN

DELMUL

,...description

Creep Ttmestep Flag

Initial Ttmestep
Max Effective Inelastic Strain Increment

Max Effective Stress Change

Max Integration Error

Min Ttmestep

Max Ttmestep Multiplier

TABLE 3. ANLS KEYWORDS FOR C.STEM CONTROL VARIABLES
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HEAT TRANSFER INPUT DECK

The CSTEM heat transfer input deck is generated directly from the PATRAN database rather than

from the SIESTA database. However, this process is initiated and contained within the PATRAN

to SIESTA translation program. Direct generation of the heat transfer input deck from the PATRAN

database is done because of the restriction to isotropie thermal material property storage in the SIES-
TA database and the need for time dependent thermal boundary conditions for transient heat transfer

inputs. The heat transfer input deck is generated only if heat transfer loads have been applied. The

heat transfer deck is written to file f3 4. dat (LUDKIA).

CSTEM heat transfer material properties axe input for any number of materials, allowing for differ-

ent temperature specifications from material to material. Assignment of boundary conditions to

nodes and elements is done using heat transfer boundary condition (HTBC) sets, where sets are de-

f'med by combinations of boundary conditions related to a particular type of thermal load (such as

convection coefficient and convection environment temperature). Boundary conditions are input
at a common set of time points for a transient analysis.

The heat transfer time points axe determined during translation of structural boundary conditions to

the SIESTA database. The existence of each type of heat transfer load is also determined during

translation of structural boundary conditions to the SIESTA database. The number of time points

and vectors containing the points are saved and passed into the heat transfer input deck generation

routine, along with flags indicating the existence of each type of heat transfer load.

The flags indicating the existing heat transfer load types allow the heat transfer control variables to

be written. The time points, as applicable, axe written to the input deck next. The heat transfer mate-

rial properties (mass density, conductivities, specific heat, and radiation emissivity) axe then re-
trieved from the PATRAN database and written to the deck.

Heat transfer loads axe accessed from the PATRAN database by type in the order that they occur in

the CSTEM input deck so that they can be assembled and written to the input deck before processing

the next heat transfer load type. This requires multiple loops (once for each load type) over the com-

bination of PATRAN load cases in order to assemble all loads of a given type. Since the existence

or absence of each load type is known, processing can be skipped for any load types which do not

exist on the database. The heat transfer loads axe processed in the following order: heat generation,

convection, nodal heat flux, surface heat flux, prescribed temperature, and radiation.

The values for CSTEM heat transfer boundary conditions are stored by PATRAN load variable 113

in vectors SET1 to SET5 (i.e. load variable I in SET1, load variable 2 in SET2, etc.). As the time

sequence of load variable values applied to each et, tity (node or element) is read, they ate checked

against previously stored sequences in the appropriate SETh vector to determine a matching se-
quence number. If no match is found, a new sequence number is created and the values for the new
sequence stored in the appropriate SETh vector.

Convection and radiation loads contain multiple load variable sequences in each HTBC set. The

unique combinations of load variable sequences applied to entities are stored in the array, NCOMB.

The HTBC set combination for the entity under consideration is checked against previous combina-

tions stored in array NCOMB. If no matching combination is found, a new combination number
is created and the new combination is stored in the NCOMB array.

Array NCOMB contains the combinations of load variable sequence numbers. The 1st subscript

corresponds to the combination number, the 2nd subscript corresponds to the load variable id, and

the value is the SETn location containing the sequence of boundary condition values. For example:
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a sequence of load variable 2 values is stored in SET2(3) and occurs in combination with two differ-

ent sequences of load variable 1 values stored in SET 1(1) and SET 1(2). If these axe the first 2 com-
binations stored in NCOMB:

Combination 1" NCOMB(I, 1)= 1, NCOMB(1,2)=3

Combination 2: NCOMB(2, I)=2, NCOMB(2,2)=3

The combination number applied to each entity and the number of load variables in the combination
are stored in blank common vector IDSETS. IDSETS is partitioned into 6 segments of length LIlT
corresponding to face numbers that HTBC set combinations are applied to. The matching combina-
tion number is packed with the number of load variables and stored in the proper partition in the

location corresponding to the entity ID. Non surface loads are stored as ifFACE=I. For example:
Combination 10 consisting of 2 load variables applied to face 3 of element 309 is stored as:
IDSETS((3-1)*LHT+309) = 10" 10+2.

It is assumed that load variables axe used sequentially, so that if 2 load variables are used they are

load variables 1 and 2, not 1 and 3. The packed load variable count is used mainly with radiation

loads to distinguish whether gaseous emissivity and absorptivity values have been specffed or not.

When all loads of the desired type are found there exist HTBC set combinations applied on entity
faces stored in IDSETS, combinations of load variable sequence numbers in NCOMB, and load vari-
able sequence values in SET1 through SET5. The assignment of HTBC set to entity is written to

the deck by determining short hand notation sequences (SHNs) of entities for each loaded face. Rou-
tine SHN searches for common combination numbers for a sequence of entity IDs.

The SHN process requires 3 partitions of blank common, one of which are the combination numbers

for a given face. Routine GENSHN manages the shifting and packing of paxtitions to free the space
required for the SHN process. SHNs for each face are generated and written in turn, then all stored
combinations are written by obtaining the sequence number for combination I from NCOMB(I,n)
and the sequence values from SETn.

When a load type has been written, all arrays are re-initialized and the process is repeated for the

next load type.

STRUCTURAL INPUT DECK

The structural input deck is generated by a separate program, RDB2CSD, executed from within the

PATRAN to SIESTA database translation program, pdb2deek, x. The deck generation program
writes the CSTEM structural input deck from the data coia_ed in the SIESTA database to file

f3 5. dat (LUDKO). The deck generation program requires certain inputs, which are contained
in a separate file when run by the CSTEM preference. This file is called pdb_t o_e s t era_input:
and is generated by the preference based on options selected by the user from within PATRAN. The
preference writes the file pdb eo_cs tom_input, then executes the script wrdeck. The script

wz'deck begins execution of the database translation program, pdb2deek, x, indicating that input

is to be taken from pd.b_t o c s tom_input:. Since it is aseparate executable, the deck generation

program can be run as a standalone program. The inputs must then be supplied by the user at the
terminal.

CSTEM DECK GENERATOR

The CSTEM deck generator program, RDB2CSD, generates the CSTEM structural input deck using

the information stored in the SIESTA database, supplemented with external fries containing infor-
mation not available from the SIESTA database.
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Some capabilities of CSTEM are not able to be utilized by the deck generation program. These are

reference node transformation specifications, additional stiffnesses, ICAN material property speci-

fications, element addition/removal, failed stiffnesses, and ICAN analysis inputs. Additionally,

some parameters are hardwired to certain values. These are the geometry flag (INGEOM--O: geome-

try on input deck), nodal bandwidth optimization (NBAND=I: on), solution block sizing (IBLK---0:

use all blank common), large displacement iteration limit 0TC'VG= 10), large displacement conver-

gence tolerance (CVGTOL=.001), large displacement order (LDORDR=I), and incompatible

modes indicator (INCOMP=0: include). Some options may be handled by the deck generation pro-

gram, but may not be utilized by the PATRAN to SIESTA translation. These include Euler skew

transformations and electromagnetic or acoustic analysis specifications.

All transformations stored in the SIESTA database are written to the CSTEM deck whether they are

used explicitly in the model or not. This results in all underlying reference transformations used with

PATRAN cylindrical coordinate system specifications being written to the CSTEM input deck.

Also, transformations are written separately when used for nodal skews, which may result in multi-

ple specifications of identical transformations.

CSTEM contains some keyword activated inputs including eigen solution parameters, material se-

lected stress summaries, displacement boundary condition modifications for frequency analysis,

etc. These keyword activated inputs are not stored in the SIESTA database, but are written to a sepa-

rate file called KEYWORDS. The name of a file containing the keyword activated inputs is requested

by the deck generator as it is generating the input deck. Either the f'dename or the string "NONE"

should be entered. If a filename is entered the contents of the f'de are copied into the appropriate

location in the CSTEM input deck. If"NONE" is entered, generation of the input deck continues.

Certain layered cross section specification capabilities exist in the separate deck generation pro-

gram. These capabilities have not been utilized in this application. Rather, the layering specifica-

tion, including cross section assignment, is read directly from the PATRAN database and written to

a separate f'tle called layez'_5.nput:, which is included into the CSTEM input deck by the deck

generation program. The name of a file containing the layering inputs is requested by the deck gen-

erator as it is generating the input deck. Either the f'dename or the string "NONE" should be entered.

If a filename is entered the contents of the f'de are copied into the appropriate location in the CSTEM

input deck. If "NONE" is entered, generation of the input deck continues.

Nodal coordinate transformations are written to the CSTEM input deck by looping over all nodes

and checking for skew coordinate systems related to boundary conditions applied to the node and

to skew coordinate systems related directly to the node. If either skew coordinate system reference

is found the transformation for the node is written to the CSTEM input deck using a unique trans-

formation number. The same coordinate transformation could be written to the input deck several

times, but with a different transformation number each time. If both exist, the transformation speci-

fied for the boundary condition takes precedence over the skew coordinate system for the node.

Coordinate transformations for element skews are written after coordinate systems for nodal skews.

Coordinate systems other than cartesian can be used in PATRAN as element skew coordinate sys-

tems, while only cartesian coordinate systems specifications are valid in CSTEM. For this reason,

any element skew coordinate system specified using other than cartesian is converted into a cartesian

coordinate system specific to the element. All stored coordinate transformations are currently writ-

ten so that the ones needed by element skews will be available. This includes all transformations

used for nodal skews (besides SIESTA nodal angles, which are not used by the CSTEM preference)
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as well as any reference coordinate systems which are used in translating cylindrical and spherical

coordinate systems.
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a basic description of what the code does, and the order in which it happens (a flowchart). Appendices provide a listing

and very brief description of every file used by the CSTEM code, including the type of file it is, what routine regularly

accesses the file, and what routine opens the file, as well as special features included in CSTEM.
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