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Abstract

A THREE-DIMENSIONAL thermal analysis method with
direct application to laser-structural interactions has been

developed. This robust, implicit finite-volume technique solves
the enthalpic form of the heat conduction equation for laser
radiation interacting with three-dimensional aerospace struc-
tures. It utilizes finite elements derived from the structural
analysis and accommodates arbitrary beam profiles to com-
pute the ablative material response. Computed results for a
composite hat-stiffened panel are illustrated. This method has
also treated laser-structural problems involving oblique beam
incidence, complex structures, multiple materials, and beam
slewing.

Contents
The vulnerability of aerospace structures to laser radiation

depends upon the structural material response under thermal
loads. The thermal loads on the vehicle consist of laser energy
absorption and energy fluxes produced by the aerothermo-
dynamic environment including external aerodynamic heating
as well as internal heat transfer associated with structural
cooling and cryogenic fuels. This synoptic emphasies the ther-
mal damage of such structures to laser radiation. The struc-
tural part of the laser-structural interaction problem is not
considered herein. The stress fields are modified by the ele-
vated temperatures and loss of mass (structure) that the ab-
sorbed laser energy produces. This structural behavior can be
analyzed using a component of a unique integrated analysis
method entitled vulnerability analysis of aerospace structures
exposed to lasers (VAASEL).1"4 This new code consists of a
threat analysis to determine the incident radiation on the
target, a nonlinear, time-dependent, thermal analysis to de-
termine the thermal response of the target, a material and
geometric nonlinear structure analysis to determine structural
response, and a failure analysis to determine strength and
stiffness degradation. The three-dimensional thermal analysis
capability of VAASEL is highlighted in this synoptic.

Three-dimensional thermal analysis is necessary for laser
beams striking geometrically complex structural surfaces such
as a wing-fuselage juncture at an angle of incidence to both
components. Up to this time, no extensive analysis capability
existed to treat such a laser-material interaction. Even though
previous approaches to the thermal problem5 had full three-
dimensional capability, they lacked the geometrical flexibility
needed for general aircraft or aerospace vehicle configura-
tions. Consequently, the thermal model consists of three ma-

jor parts: 1) geometry submodule, 2) laser ray specifications,
and 3) the finite-volume methodology.

We first consider the structural geometry. For the thermal
analysis, the structural elements are categorized as being either
four-node quadrilateral surface elements or eight-node solid
elements. A surface element has at least one face exposed to
a nonstructural environment; an interior solid element is wholly
surrounded by other structural elements. Once this level of
distinction has been made, then all the metric information
associated with the elements such as grid locations, surface
area, volume, etc., can be determined.

The definition of the beam geometry is very important. Let
us imagine that the center of the beam strikes one particular
surface element at a known position. Neighboring beam "rays"
strike nearby. In order to perform accurate simulations of the
beam-target interactions, it is necessary to follow each ray as
it propagates through the structure. This would not be very
important if only a top surface of elements were intercepted
by the beam, however, if elements are removed due to abla-
tion during the engagement, then the beam interactions with
the subsequent elements must also be known a priori. As
such, the laser spot is divided up into a number of rays with
individual power levels and path information associated with
each ray. These rays can be defined once the spot location
and size are provided. This procedure has been fully auto-
mated. Once an aim-point is specified, a random distribution
of neighboring rays is selected to provide adequate exposure
of all surface and subsurface elements.

The three-dimensional thermal analysis method uses a mod-
ified version of the multidimensional ablation code used
extensively5 and proven to perform accurately and reliably.
This is a finite-volume code with a conservative formulation
which maintains integrated energy. Since its uses a fixed grid
structure, some zones become empty as material ablates. It
is first-order accurate in time and second-order accurate in
space with uniformly spaced grids; with nonuniform grids (which
may be required for complex geometries) the results become
first-order accurate in space as well. A fully coupled, fully
implicit scheme using a sparse matrix solution is used for the
thermal diffusion simulation. This is done to insure the proper
performance of the method under the most adverse circum-
stances.

The change in the thermal energy of a general three-
dimensional element is given by the following equation:
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where energy changes occur due to either transfer into (out
of) the element or energy source (sink) terms within the ele-
ment. A more detailed description of the equations used in
the three-dimensional thermal analysis method is provided
elsewhere.6'7
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The most complex three-dimensional thermal bench mark
problem investigated laser interaction with a hat-stiffened panel.
The problem involved the most grid elements (2574) and the
most laser ray paths (6500) through the structure. The spec-
ification of the problem are given as inserts in the overall
geometry of the graphite epoxy composite panel as shown in
Fig. 1. The continuous laser (CW) laser beam strikes the flat
portion of the panel at normal incidence with a 1.27-cm swath
over the entire width of the panel. The incident beam has an
intensity of 1 kW/cm2. Even though the geometry is rather
complex, there is an additional complication associated with
the lay-up configurations of the plies. The variations in ply
lay-ups lead to significant thermal conductivity variations for
different parts of the structure. There are six different ply
lay-ups identified.7

Prior to describing results of the calculation, the cross-sec-
tional skeleton of the hat-stiffened panel is shown in Fig. 2.
All of the grid elements in a plane are shown. There are 18
identical sections in-depth. A particularly interesting section
is one that is near the middle of the panel (section no. 9).

In addition to the cross-sectional skeleton, Fig. 2 illustrates
the grid elements ablated (or removed) from section 9 after
0.6 s of laser irradiation. The removed elements are shown
with shading. Note that the skeleton has the correct number
of elements but is not drawn to geometric scale. The entire
lower panel elements have been ablated away, the sloping-
stiff ener elements have also lost some mass, and the upper
section (which feels the normal incident beam) has already

Numerical Characteristics
- 2.574 grid element (18 planes of 143 units)
- 6.500 ray paths

> Beam Characteristics
- 1 kW/cm2 incident intensity
-1.27 x 8.13 cm beam directed at plate center
- Normal incidence
-3.0s laser time

Fig. 1 Geometry of the composite panel.

Fig. 2 Elements removed in Sec. 9 of the panel at 0.6 s.

lost nearly one-half of its mass. After 1.0 s of laser radiation,
most of the elements in the section have been removed, and
after 1.4 s, only two elements remain. They have apparently
received less absorbed radiation thus highlighting the impor-
tance of having a sufficient number of laser rays that reach
all grid elements.

The computational results7 also revealed that the effect of
the laser beam is relatively confined to only four of the 18
sections comprising the panel. Large thermal gradients are
confined to these sections.

This example illustrates the very general range of appli-
cations that the three-dimensional method can analyze in the
area of laser-structural interactions. It is useful, perhaps, to
review the features that the method can currently handle.
First of all, it is three-dimensional in all respects; i.e., the
target geometry can be an arbitrary three-dimensional shape
with internal passages and the beam can have an arbitrary
incident power profile. Second, multiple materials can be em-
ployed with the individual materials characterized with gen-
eral nonisotropic properties. Third, material removal by abla-
tion is directly modeled once albation enthalpies and ablation
temperature are known for the material. Fourth, very general
boundary conditions permit surface radiation, surface heat
transfer, and surface temperature to be specified. Fifth, the
method is extremely robust with very limited opportunities
for nonconvergence. The output of the three-dimensional
thermal analysis solver is directly suited to further in-depth
structural analysis. Specifically, the method can provide the
temperature distribution as a function of position and time in
the structure. It also provides the contour of the structure as
the surface ablates. The ability to accomplish this in a three-
dimensional fashion is an important triumph of the approach.
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