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Fig. 1 Comparison of dispersion calculations using Monte Carlo and
DPF methods.
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PDFs of particle radial velocity using the DPF method.

The results of the DPF dispersion calculations are shown in
Fig. 1 and have the same accuracy as the Monte Carlo simulations.
The higher number of realizations used in the DPF method makes
it substantially more computationally expensive than the grid-
independent Monte Carlo simulations used for the present disper-
sion calculations. Dispersion results are also shown for I x J x
P x Q = II4 parcels (case 2: / = / = P = Q = 11) in Fig. 1. The
level of discretization of the PDFs using 11 bins is adequate for the
present calculation. The accuracy of calculations for a level of dis-
cretization will depend on the rms fluctuations (width of the PDFs).
The PDFs of particle cross-stream velocities for hollow glass at
downstream locations using the DPF method are shown in Fig. 2
and are well resolved.

Conclusions
A DPF method is applied to particle dispersion calculations in

a turbulent two-phase flow and provides accurate simulations with
low statistical noise. The larger number of computational parcels
makes it more expensive than the present Monte Carlo simulation.
However, the DPF method is capable of providing full field infor-
mation and higher-order moments and correlations for dependent
variables without any increase in computational expense and avoids
the use of random number generators and constant mapping of a

variable to its CDF for sampling. Also, important events that occur
with low probability can be adequately simulated. The possibil-
ity of reducing computational expense by using recursive methods
for nonlinear problems needs to be investigated. The DPF method
(with improvements in computational efficiency) could be applied
in applications where the dispersion/evaporation/mixing processes
are critical and are uncoupled from the combustion process.
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Introduction

S TIFFENED composite panels are extensively used in aircraft
and other structural components to satisfy requirements of in-

creased stiffness, reduced weight, and stability. Since the buckling
of stiffened panels does not mean the total failure or collapse of
structure, it has been found to be efficient to permit buckling of
stiffened panels under the collapse load, i.e., postbuckling ultimate
load. Therefore, it is essential to investigate the postbuckling behav-
ior and failure characteristics of stiffened composite panels. How-
ever, it is not straightforward to evaluate postbuckling behavior of
composite structures because of the complexities in predicting their
performance when failure and structural degradation take place.
Most of the previous buckling studies in analysis have focused on
the buckling or initial postbuckling behavior. *~3 The effect of failure
on the postbuckling behavior was considered in a limited number of
papers.4 In most of the previous experimental studies,3'4 the stiffened
panels have been cocured without ply overlap in the junction part
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of the skin and the stiffeners. This type of stiffened panels have low
postbuckling load carrying capacity due to the separation between
the stiffener and the skin. Therefore, it is necessary to eliminate the
separation by cocuring the stiffener and the skin in a continuous
laminate.

In the authors' previous paper, an improved load-increment
method based on the arc-length scheme was presented, and the
postbuckling behavior of composite laminated cylindrical panels
under compression was investigated.5'6 A progressive failure anal-
ysis based on the maximum stress criterion and the complete un-
loading model was also introduced into the nonlinear finite element
analysis.7 In this Note, this finite element program was applied to
stiffened composite panels under axial compression, and the buck-
ling and postbuckling behavior of composite panels was charac-
terized. The cocured stiffened panel, of which the stiffeners were
manufactured in continuous laminate with the skin, was tested. The
finite element results were compared with experimental results for
I-stiffened panels.

Finite Element Analysis
The eight-node degenerated shell element is used for the modeling

of stiffened panels, and the first-order shear deformation theory is
adopted in the nonlinear finite element analysis.

To estimate the failure load of stiffened composite panels for each
failure mode, the maximum stress criterion is applied to the average
stresses in the principal material directions of each layer of each
element. Also, to estimate the postbuckling load-carrying capacity
conservatively, it is assumed that the stress corresponding to the
failure mode of each layer is completely unloaded and the corre-
sponding stiffness is set to zero. This complete unloading failure
model can be expressed by the following equations.

If fiber failure occurs, then

or! =0, EI= 0,

If matrix failure occurs, then

= 0, VB = 0

<72 = 0, E2 = 0, v2J = 0, v23 = 0

If shear failure occurs, then

t!2 = 0, G,2 =

The failure of each element in the model is estimated for the
converged stresses during each load step, and the stress compo-
nent corresponding to the failure mode is unloaded instantaneously.
Therefore, if failure occurred at the previous load step, the force
equilibrium is not satisfied at the first iteration of present load step,
and an unbalanced force is induced due to the unloaded stress com-
ponent. For the postbuckling failure analysis, the effect of the de-
formation due to the failure-induced unbalanced force should be
introduced into the modified arc-length method.7

In case of modeling the skin and the stiffener with the degen-
erated shell elements, the incompatibility in degrees of freedom
arises from the difference in local coordinates between the two el-
ements to hold the adjacent nodes of the skin and the stiffener in
common. The compatibility is enforced to the common nodes by
equalizing the displacement in the global jc, y, and z directions and
matching the rotation about the local unit vector as shown in Fig. 1.

Experiment
The panel was fabricated from graphite/epoxy prepreg, and

the material properties used in this study were E\ = 130.0 GPa,
£2 = E3:=10.0 GPa, -Gi2 = Gi3 = 4.85 GPa, G23 = 3.62 GPa,
Vi2 = vi3=0.31, v23 = 0.52, XT = 1933 MPa, Xc = 1051 MPa,
YT = 51 MPa, Yc = 141 MPa, and 5 = 61 MPa.

The geometry, dimension, and boundary conditions of the pan-
els are shown in Fig. 2a. As shown in Fig. 2b, the stiffened panel
configuration consists of the two I-shaped stiffeners having the lay-
up sequence of [0/90/45/07-45],? for web and cap. The web and
cap of the stiffener were formed by the continuous lay-up of skin,
[0/90/±45]s. Two 0-deg plies for the flange were inserted into the
skin, and one of them was continued to the web and cap. As a result,

Fig. 1 Constraints for skin and stiffener node connection: un =un +

cop

b)

Fig. 2 Panel geometry, dimensions, and boundary conditions. Units
are in millimeters.

the flange part including the skin has the same lay-up sequence of
the web and cap. The stiffeners of the panels were cocured with
the skin. That is to say, the stiffeners were manufactured in a body
with the skin to eliminate the separation between stiffener and skin,
whereas the stiffeners were formed without the ply overlap to the
skin in the conventional fabrication of stiffened panels. Unidirec-
tional tape fillers were inserted into the intersection between web
and skin or cap. After cocuring, the panels were inspected using
C-scan and no significant defects were detected. The loaded ends of
the panels were potted in the casting resin, and they were machined
flat and parallel to load the stiffened panel uniformly.

The panel was tested to failure in compression to investigate its
postbuckling behavior. Linear strain conversion displacement trans-
ducers and strain gauges were used to measure the end shortening
and the strain in the axial direction of the panel, respectively. Out-
of-plane deflections were also monitored by the shadow moire tech-
nique.

Results and Discussion
The load-end shortening curves obtained from experiment and

finite element analysis are shown in Fig. 3. The end shortening
u was normalized by the panel length L, and the applied load P
was normalized by the prebuckling extensional stiffness EA of the
panel. The experimental and analytical buckling loads are marked by
the open circle and the open rectangle, respectively. The buckling
load from experiment was determined by the stress-strain curves
from back-to-back axial strain gauges attached at the center of the
panel. The stiffened panel carried the applied load steadily to six
or seven times of the buckling load in the postbuckling region. The
separation between stiffener and skin was not found in the junc-
tion part even after the postbuckling ultimate load. Therefore, the
high ratio of postbuckling ultimate load to buckling load PU\/PCT
was obtained. This shows that the stiffened panel cocured in a
body had an excellent postbuckling load-carrying capacity in spite
of the relatively thin stiffener. The experimental buckling load as
well as the postbuckling ultimate load are in good agreement with
the analytical results as shown in Table 1. The exaggerated de-
formed pattern of the panel is shown in Fig. 4 for the solid marks
of state A to D in Fig. 3. The deformation of the skin became
large after buckling as the applied load increased, and maximum
out-of-plane deflection was developed about four times of the skin
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Table 1 Analytical and experimental results

Stiffener Length/
spacing, stiffener EA, Pcr/EA, PU\/EA,

Panel mm spacing MN xlO3 xlO3 Pu\/PCr

Experiment
analysis

SI
S2
S3

100

70
100
130

2.5

2.5
2.5
2.5

18.10

14.58
17.01
19.44

0.483

1.169
0.589
0.349

3.392

4.449
3.959
3.377

7.02

3.81
6.72
9.67
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Fig. 3 Comparison of analytical and experimental results for load-end
shortening curve.

Analysis Experiment

Fig. 5 Comparison of analytical and experimental results for the con-
tour plots of out-of-plane deflection (dotted lines represent negative w):
state B.

carrying capacity of the panel. As the applied load increased, the
shear failure occurred mainly at the 45- or —45-deg layer, and then
the fiber failure was generated by the compressive stress due to the
in-plane force and bending moment at the outer layer of the panel.
These failure modes induced the reduction in the stiffness of the
panel abruptly. At last the load-carrying capacity of the stiffened
panel was lost rapidly.

The effect of various stiffener spacings on buckling and post-
buckling behavior is shown in Table 1. As would be expected, the
model predicts lower buckling and ultimate failure loads for geome-
tries with larger stiffener spacing. The ratio of postbuckling ultimate
stress to buckling stress Pu\/Pcr decreased as the stiffener spacing
decreased.

State A State C

State B State D

Fig. 4 Deformed shapes of stiffened panels.

thickness. However, the deformation of the stiffener was still small
compared with that of the skin at state B. The applied load was
carried mainly by the stiffener as the load increased in postbuck-
ling region. The deformation of the stiffener became large after
state B, and failures occur by the large deformation of the stiff-
ener as the load increases in higher postbuckling range. Figure 5
shows the contour plot of the out-of-plane skin deflections gen-
erated from the finite element analysis and the photograph of the
moire fringe pattern corresponding to the out-of-plane deflections
observed at the state B. These results show very good agreement
in the postbuckling deformed shapes from both experiment and
analysis.

In the failure analysis, the considered failure modes are matrix
failure, shear failure, and fiber failure. The occurrence positions
of the first ply failure of each mode are indicated on the load-end
shortening curve in Fig. 3. The failure modes occurred at the load
levels much higher than the buckling load. The tension matrix failure
appeared first at the outer layer of the web due to the large out-of-
plane deflections. This matrix failure hardly decreased the load-

Conclusion
A modified arc-length method combined with the progressive

failure model was used in the nonlinear finite element method. The
finite element program was applied to stiffened composite panels
under axial compression, and buckling and postbuckling behavior
of the panels was characterized. The web and the lower part of
cap of stiffener were fabricated by the continuous plies of the skin
for cocuring the stiffened panel. Therefore, the separation between
stiffener and skin was not found in the junction part even after post-
buckling ultimate load, and the stiffened panel had excellent post-
buckling load-carrying capacity. The analytical results on the buck-
ling load, postbuckling ultimate load, and postbuckling deformed
shape show good agreement with the experimental results for an
I-stiffened panel.
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