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reduce the maximum (radiation-enhanced) S;, which would be
consistent with the observation of less increase in S; than theoreti-
cally predicted. Detailed measurements of ¥ and /, are required to
resolve this issue.

Finally, we noticed that the flame fronts appeared to be
smoother when particles were added. Lean CH,-air mixtures have
Le~0.8 (temperature averaged), which is low enough that they
may exhibit diffusive-thermal instabilities'® that cause flame front
wrinkling when Le is sufficiently low. An increase in Le with
increasing particle loading might be expected since the radiative
transport in the optically thick regime would increase o but would
not increase mass diffusivity. The observed trend is consistent with
the notion of a higher “effective” Le in particle-laden mixtures.

Conclusions

Experiments in particle-laden gas mixtures were conducted to
study flame propagation in both the optically thin and the optically
thick regime of radiative transport. Data on flame shapes, propaga-
tion rates, peak pressure, maximum rate of pressure rise, and ther-
mal decay in the burned gases were consistent with the hypothesis
that at low particle loadings the particles act to increase the radia-
tive loss from the gases, whereas at higher loadings reabsorption of
emitted radiation becomes significant. This reabsorption acts to
decrease the net radiative loss and augment conductive heat trans-
port. Away from flammability limits, these effects will usually be
small because the burning velocities are sufficiently high that the
conductive heat flux per unit area of flame front is larger than the
blackbody radiant power at the adiabatic flame temperature. In
fact, very slow burning flames near flammability limits, using low-
gravity conditions to suppress buoyancy effects, were required to
observe these effects. Comparison with theory” indicated a smaller
effect on burning velocity than anticipated, possibly due to the
effects of the thermal capacity of the particles. Based on these
results, we speculate that in sufficiently large systems, in which
the absorption length is much smaller than the system size, flam-
mability limits might not exist at yig conditions because emitted
radiation would not constitute a loss mechanism.
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Introduction

N updated version of the composite ceramics analysis

and reliability evaluation of structures (C/CARES)! inte-
grated design program was developed to use laminated shell
elements in the reliability evaluation of ceramic matrix com-
posites (CMCs). In this version of C/CARES, a subelement
technique is implemented to improve the modeling of stress
gradients within an element to be taken into account. The
noninteractive reliability function (see Refs. 2 and 3) is now
evaluated at each Gaussian integration point instead of using
averaging techniques. As a result of the increased number of
stress evaluation points, considerable improvements in the
accuracy of reliability analyses have been realized.

Because of the relatively small thickness in comparison to
the overall dimensions of typical laminated CMC material
systems, components fabricated from this material are conve-
niently modeled using shell elements. In the formulation of
standard shell elements, classical lamination theory is usually
adopted to describe the mechanical behavior. Finite element
algorithms exactly determine the stresses at the Gaussian inte-
gration points of a shell element where the local stiffness
matrix is evaluated. For this reason the concept of subele-
ments is introduced in the new version of C/CARES, whereby
the risk of rupture intensity is evaluated at each Gaussian
integration point instead of using averaging techniques. This
method defines a corresponding subelement for each Gaussian
integration point. The subelement volume is defined as the
contribution of the integration point to the element volume
and is determined by the numerical integration procedure
associated with the shell element. Thus, each ply in the lami-
nate is divided into subelements, and the risk of rupture inten-
sity function  is evaluated for the corresponding stress tensor
at each integration point. The number of subelements in each
element depends on the element type and on the order of
integration chosen. By using the subelement technique, as
opposed to averaging the stresses across the element, stress
variations within a component can be better modeled. As a
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result, components with high stress gradients, or with dis-
torted mesh geometries, can be analyzed with coarser meshes
than otherwise necessary (provided that the mesh density is
sufficient to give accurate stresses at the integration points).

The C/CARES algorithm requires prior knowledge of the
stress field throughout a component; and, therefore, it is
designed as a postprocessor to be run in conjunction with
commercially available finite element packages that determine
the structural response of the component to thermomechani-
cal loads. For versatility, the C/CARES code is divided into
two modules. The first module interfaces with the finite ele-
ment results and translates the output into a formatted
(ASCII) neutral data base for use in the subsequent reliability
analysis. The second module performs the computations nec-
essary in determining the component reliability. Because of
the subelement concept, a global structure has evolved for the
C/CARES algorithm. The introduction of a single large,
blank common array (instead of several fixed-dimension ar-
rays) in the reliability module allows the user to easily adapt
the program to the mesh size necessary for a given component
and to the available computational resources. Since the pro-
gram has been developed in a modular structure, future
changes and additions (such as the introduction of more so-
phisticated reliability models) will not involve large program-
ming efforts.

Neutral Data Base Concept

The formatted neutral data base allows C/CARES to be
interfaced with several finite element programs. At the present
time, interface programs for MARC and MSC/NASTRAN
have been implemented. Interfaces for ABAQUS and ANSYS
are being prepared. The structure of the neutral data base is
optimized with respect to memory. The finite element data are
arranged within the neutral data base by using the following
hierarchy: element groups, elements, and subelements. Ele-
ment groups may be user defined such that each group is
comprised of elements of a given element type, laminate struc-
ture, etc. Additionally, if the reliability analysis is focused on
a specific region of a component (e.g., a region containing a
stress concentration), the corresponding elements can be com-
bined into an element group. This segment of the data base
contains information regarding which elements are associated
with each group, as well as the total number of elements
within each group. Information pertaining to the elements
includes the number of subelements (integration points) and
the number of plies associated with each element. Finally, the
subelement data contain information regarding ply identifica-
tion, ply subvolume, ply stress state (assuming plane stress
conditions), ply temperature, and ply material type. Note that
a subelement can have more than one ply.

Typically, ply volumes are not included with standard finite
element output. Thus, the volume of each subelement (corre-
sponding to a Gaussian integration point) is calculated by
using the shape functions inherent to the element type to
determine the midsurface area and then multiplying by the
layer thickness. Currently, bilinear (four nodes) and bi-
quadratic (eight nodes) element shape functions are used to
determine the subelement areas. _

The midsurface area of a shell element is calculated by
integration in natural space (see Bathe* for details)

11
A= X j detJ(r,s)drds 1)
-1 -1
where J is the Jacobian operator and r and s are natural co-
ordinates. By applying a Gaussian integration scheme, this
integral can be expressed as

m m
A=Y Edet](r,»,sj)W,-Wj )

i=1j=1
where m is the integration order, r; and s; are the coordinates
of the Gaussian integration points in natural space, and the W
are weight functions. The Jacobian operator J is calculated by

using the corresponding element shape functions, element
connectivities, and global coordinates of the element nodes.
The area of the subelement corresponding to the integration
point i,j represents one term in the summation [Eq. (2)].

Reliability Modeling
The reliability analysis requires knowledge of the stress state
of each ply subelement, the ply subvolume, the local tempera-
ture, and the temperature-dependent Weibull parameters.
Based on this information, the subelement reliability is ex-
pressed as

RS = exp(— y{ V™) 3

where Y*® is the value of the risk of rupture intensity within
the subelement of the ith ply. Similarly, V" is the volume of
the subelement of the ith ply.

The value of the risk of rupture intensity ¥{*® is determined
using Eq. (4).° The Weibull parameters «’(¢), a“(¢), 87(¢),
B€(#), and v(¢) are calculated with respect to the local temper-
ature ¢ by linear interpolation of the material parameters
specified in a control file. The superscripts 7 and C represent
tensile and compressive properties, respectively.

y = DN (o)
s (D) (220)
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We define the following notation used in Eq. (4):

xy=x-ulx]=0, x=0
=X, x>0 (%)

where u[x] is the unit step function.

Survival of the subelements are assumed to be independent
processes; thus, using a weakest link theory (WLT), the reli-
ability of each ply i is given as the product of all subelement
reliabilities within the model

R; =II;[(R,~")=eXp[ - Zk:(x&?“")k(st“b)k} (6)

where k is the total number of all subelements. Similarly, the
overall component reliability (RWLT) can be expressed as the
product of the individual ply reliabilities. Alternatively,
Thomas and Wetherhold® proposed an upper bound limit to
the reliability estimate using a strongest link theory (SLT).
Expressions for both approaches are given below for an 7 ply
laminate.

RWLT= [[11%,- RS:T=1— 1_11(1 -R) M

After the reliability analysis is performed, the data for the
risk of rupture intensity (a local measure of the probability of
failure) can be stored in a PATRAN element file. This allows
graphical representation, in the form of contour plots, of
critical design regions in the structure. Note that PATRAN
can only assimilate element (and not subelement) information.
Thus, the element risk of rupture intensity is approximated by
averaging all subelements within the element using the follow-
ing expression:

e LR UV ®
iz

where nsub is the number of subelements within the element.
The values for y$* are only used for PATRAN postprocessing.
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Numerical Examples

To illustrate the improvements achieved by the updated
version of C/CARES, the problem of a plate with a hole was
analyzed. This example had previously been studied in-house
at NASA Lewis Research Center using MSC/NASTRAN. By
interfacing C/CARES with the MARC finite element pro-
gram, which provides the user with stress output at the inte-
gration points, we were able to implement the new subelement
capabilities and compare the reliability analyses based on these
results with those obtained using stresses averaged over the
element (i.e., MSC/NASTRAN results where only centroidal
information is available to the user). Specifically, a laminated
CMC plate with a central circular hole was subjected to pre-
scribed edge displacements-at room temperature (see Fig. 1).
The elastic material properties are presented in Table 1. The
laminate consisted of eight unidirectional orthotropic plies
with a [0/ £45/90); ply layup. Note that, because experimen-
tal strength data was lacking, heuristic values for o7(¢), a(¢),
BI(r), BE(2), v7(2), and v(¢) were used (see Table 2). To model
this quasi-two-dimensional problem, appropriate degrees of
freedom were restrained in each analysis. Two mesh densities
were used for the finite element analysis of this problem. The
coarse mesh contained 1000 elements, and a more dense mesh
contained 2520 elements. Thus, in all, four example cases were
run (MARC: 1000 and 2520 elements; MSC/NASTRAN: 1000
and 2520 elements). A 2 X2 integration scheme was used for
both MARC analyses (four subelements for each shell ele-
ment).

In Table 3, the component reliabilities R VLT are given for
all four analyses. The component reliability results based on

Table 1 Elastic Properties

Young’s modulus in fiber

direction E;, MPa 19,755.0
Young’s modulus transverse

to fiber direction E>, MPa 1975.5
Shear modulus G2, G13, G23, MPa 700.0
Poisson ratio »2 0.35

Table 2 Weibull Strength Parameters

Failure mode o B, MPa v, MPa
Fiber direction:
Tensile, o}-max 25 450 0
Compressive, oM 35 4500 0
Transverse direction:
Tensile, o7 ma¥ 10 350 0
Compresswe, Cma" 30 3500 0
Inplane shear, aj’lt’a" 22 420 0

Table 3 Comparison of different reliability analyses

Component reliability, R WLT

Number of

elements MARC MSC/NASTRAN
1000 0.9005 0.9304

2520 0.8991 0.9276

Table 4 Ply by ply reliabilities

Ply reliabilities

Ply orientation MSC/NASTRAN, MARC,
9, deg (2520 elements) 2520 elements
0 0.96587 0.94652
+45 0.99999 0.99999
—45 :
90
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Fig. T Finite element mesh for [0/ :i:45/90]s lammate, ply thickness
h, 0.2 mm.

SLT were nearly unity for all four cases and, therefore, were
not included in the table. In Table 4 the reliability results for
each ply R; based on the MARC analysis (dense mesh) are
compared to the ply reliabilities as determined using the MSC/
NASTRAN analysis (dense mesh).

The reliability analyses using MARC results yielded smaller
component reliabilities for both the coarse and the dense
meshes relative to the respective MSC/NASTRAN analyses.
The decrease in predicted component reliability is a conse-
quence of the more accurate reliability computations in the
region of the stress concentration which were made possible by
using the stresses at the integration points. In the high stress
regions, where the stress gradients are also very large, the
stress solution may be underestimated by a greater degree in
the MSC/NASTRAN analysis due to stress averaging over a
larger region (i.e., averaging over the whole element as op-
posed to the smaller subelement). This results in incorrectly
predicting a higher component reliability for this problem.
The MARC results show that the mesh density is sufficiently
fine, even for the coarse mesh, to determine stresses accurately
at the integration points. The agreement between the four
cases in the prediction for RSLT is due to the high reliabilities
of plies 2-7 dominating the calculation of RS [see Eq. (7)].

Conclusion

Based on the previous version of C/CARES, an enhanced
version of this integrated design program was developed for
the reliability evaluation of ceramic matrix composite (CMC)
laminated shell components. By dividing the original program
into two separate modules, more flexibility was achieved,
allowing for easy implementation with various finite element
programs. As a result of the introduction of a shell subelement
technique, the number of reliability function evaluation points
per element was increased. A numerical example demon-
strated improvements in the accuracy of reliability analyses.
The new version allows structural components to be modeled
with coarser finite element meshes than those required by the
previous version of the program and still achieve the same
order of accuracy. The modular structure of the program
allows the design engineer to incorporate additional reliability
functions without major programming efforts. Future ver-
sions of C/CARES will focus on this issue.
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