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Finite Element Analysis and Dynamic
Simulation of Target Thermal
Response to High-Energy Lasing
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High-energy laser (HEL) systems on the order of 100 kW are under development to
neutralize stationary and mobile targets. Modeling the thermal response of the target will
identify both requirements for the laser system and means to protect the larget against
such laser systems. Analytical solutions are limited, and computational solutions are
accurate only if they consider boundary conditions and material properties varying with
time, temperature, and location. A transient three-dimensional finite element solution has
been developed that employs dynamic simulation techniques. Stationary and mobile
targets are evaluated under loading by a continuous-wave laser with various beam
profiles, with particular attention to mortar rounds in Might. Results from the target
thermal model support complementary analyses of the 100-kW HEL system completed at
the U.S. Military Academy.
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Nomenclature
A area, cm?
Cp specific heat, J/kg-K
d, length of element in z direction, cm
h convection coefficient, W/m2-K
kic thermal conductivity, W/m-K
L arc length of element, m
[ distance from laser to target, m
P, power at beam center, W
q heat transfer rate, W
q" heat flux, W/m?
R radial distance from beam central axis, cm
T inner radius, cm
o outer radius, cm
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Tair air temperature, °C

Ty, j  temperature at element (i, j, k), °C
t time, s

\%4 volume, m>

W, beam waist, cm

w, spot size, cm

o absorptivity

€ emissivity

g laser incident angle, deg

Osa beam half-angle, rad

A wavelength, um

0 density, kg/m>

o Stefan—Boltzmann constant, W/m2-K*
© circumferential direction

1. Introduction and Background

The impact of Counter-Rocket, Artillery, and Mortar (C-RAM) attacks during military
operations can be reduced by using a high-energy laser (HEL) to destroy the incoming
threat. This paper presents a thermal model for the interaction of the laser beam with the
threat until it is neutralized. The model considers a common 81-mm mortar, here generalized
to be a cylinder with a diameter of 81 mm. By modeling the laser—target interaction, HELs
can be optimized for target lethality and for use on future battlefields. Countermeasures for
a HEL employed in C-RAM operations are also identified.

The dynamic simulation software Powersim Studio is the platform onto which the model
was built because of its ability to apply transient boundary conditions and varying material
properties over finite time steps. The mortar is considered to be in flight with rotation and
convection cooling. Advanced modeling for HELSs is very difficult with an analytical model
because of the nonlinear nature of the interaction. Numerical methods can handle changes in
material properties and complex boundary layers as compared to analytical solutions.* Most
models use self-built code and require large computing power. This dynamic simulation
approach uses relatively little computing power but still engages full complexity. Ultimately
the results can be validated experimentally and used to verify the results of other analytical
and numerical work.

2. General Approach

The mortar was modeled as a cylinder with the laser striking the surface as a continuous
wave, although pulsing can be readily incorporated. Dynamic simulation software uses finite
time steps to discretize complex equations instead of taking the integral. This simplifies
the analytical approach by changing the integral problem into a algebraic summation of
thermal energy transfers:

t
/ qdt =Zth‘ (D

h

An advantage of finite element analysis (FEA) is the ability to include material properties
and boundary conditions that vary in location, in time, and with temperature. Dynamic
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Fig. 1. Simplified finite element model of the target mortar.

simulation allows for feedback at each time interval to update the boundary conditions and
material propertics, as well as any other specified conditions such as material combustion
or removal. The shape of the model is a cylinder with coordinates in the r, ¢, z directions
as shown in Fig. 1, along with the heat transfers for a surface element.

Heat transfer is driven by a temperature potential and limited by a thermal resistance. The
thermal resistance due to radial conduction through a cylindrical shell is given in Eq. (2).
Multiplication by the number of circumferential elements would give the radial conduction
resistance of each element:

In(r,/ri)
2 P‘(f ¢ d: ’

Rcond,r - (2)
where 7, and r; are the radii from the center of the cylinder to the midpoint of the interacting
elements and 4, is the axial length of each element. The thermal conductivity, k., is the
average thermal conductivity of the two elements. The thermal conduction resistance in the
circumferential direction is

L

Rcond,(p = k,—A,
cfy

3)
where L is the arc distance between the midpoints of the elements and A is the elemental
area perpendicular to heat transfer in the circumferential direction. The thermal conductivity,
ki, is the average thermal conductivity of the two elements. The thermal conduction
resistance in the axial direction is

d;

Rcond,z =

A 4
kicA, =

where d, is the axial distance between the center point of the elements and A, is the elemental
area perpendicular to heat transfer in the axial direction. The thermal conductivity, ki, is the
average thermal conductivity of the two elements. Thus, the conduction between elements in
the radial (i-index), circumferential (j-index), and axial (k-index) directions, respectively,
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are
T a — Txx
qr - l,J,k l+l‘J'k k4 (5)
Rcond,r
Tije— Tijyvk
4o = iV L 0 (6)
Rcond,w
Tijiw = Ti g
G = — = : 0
Rcund.:
The thermal losses from the surface elements via convection and radiation are given as
convection = hA; [Ti,j,k — Tairl, (8)
4
radiation = O"C"AS[’I}'j‘k . Ta‘i‘r]’ 9)

where the convection heat transfer coefficient in Eq. (8) was estimated for flow over the
cylindrical surface in the axial direction due to the mortar flight. The radiation gain from
the laser is

Glaser = qf;serAsOI, (10)

where g[.... is the normal laser flux for the individual element, A; is the surface area of the

element, and « is the spectral absorptivity of the surface material. Conservation of energy
for any element is given by Eq. (11) and accounts for the net heat flow through the six
element faces balanced by the energy storage in the element:

Y a=pVe,(Tuar—T). (11)

Tabulated properties of specific heat, density, thermal conductivity, absorptivity, and
emissivity were selected for different temperatures.>%7 From these values the dynamic
simulation software interpolated and extrapolated values at other temperatures.

The beam is modeled as a Gaussian profile according to the planar two-dimensional
(2-D) Gaussian distribution:

" _ Pg Wy 2]‘[ —2R2/w§ (12
Qlaser = w_tz) _U)—z Ze s )

where R is the radial distance from the beam central axis and the diffraction-limited spot
size and half-angle are given as

w, = W, + £6pa, (13)
A
Oga = . (14)
T W,

To account for the distortion of the beam on the cylinder surface, the area of the cylinder
was normalized into a planar 2-D surface. This allowed a more accurate model by accounting
for the surface area of the cylinder that is normal to the laser radiation.

3. Results and Discussion

The primary goal of the simulation was to determine the kill time of heating the mortar
until deflagration of the contained explosive. Several parametric effects stem from this
model and are discussed as follows to emphasize the most significant factors.
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Fig. 2. Mortar temperature assuming constant (left) vs. variable (right) properties for
uniform 1-D heating.
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Fig. 3. Specific heat and thermal conductivity for carbon steel,

3.1. Variable properties

A one-dimensional (1-D) radial model readily illustrates the need to consider material
properties that vary with temperature. The kill time is taken to be when the inside shell
surface, and therefore the explosive, reaches 400°C while heated by a uniform radiant
flux of 1,000 W/cm?. As shown by the dashed lines in Fig. 2, the kill time is achieved
in 2.3 s when assuming constant properties, but in 3.5 s with variable properties for the
1-cm-thick aluminum shell. A significant increase! This is caused by the decrease in
the thermal conductivity and increase in the specific heat as the metal heats up. Both reduce
the rate of thermal diffusion and thus extend the kill time. The surface absorptivity decreases
with temperature as well, further reducing the impact of the laser beam by decreasing the
absorbed radiation.

The specific heat and thermal conductivity of steel versus temperature can be seen
in Fig. 3. Both of these relations are defined by stepwise functions.! A significant change
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Table 1. Parameters of mortar targeted with
Gaussian beam

Parameter Value
Cylinder diameter 81 mm
Cylinder length 200 mm
Shell thickness 8.4 mm
Divisions in  direction 41
Divisions in ¢ direction 41
Divisions in z direction 31
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Fig. 4. Temperature at various radial locations after 3 s without rotation.

occurs for each property around 750°C, which can be attributed to the change of the material
to the austenite phase. The induced change in the crystal structure from body-centered cubic
to face-centered cubic absorbs most of the energy, which greatly increases the specific heat.
Thermal conductivity reaches a bottom plateau at this temperature. During this transition,
the sensible temperature increase would be greatly subdued, further increasing the kill time
to heat the explosive.

Computational modeling allows for multiple material layers to be present, with the mortar
parameters given in Table 1. Figure 4 shows the temperature variation through both the
aluminum shell and RDX (cyclotrimethylenetrinitramine) explosive at a given time. Note
the sudden drop in temperature across the explosive due to the low thermal conductivity,
with properties given in Table 2.2° Analytical solutions would model the explosive as an
insulated boundary for the shell, but this would incorrectly lead to a 10% faster kill time
for the inside of the shell to reach 400°C. Note that the aluminum shell outer surface would
reach 1,400°C and begin to melt at 1.55 s, and the explosive would ignite after 2.77 s in this
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Table 2. Properties of RDX explosive>

Parameter Value

Density 1,800 kg/m?
Specific heat 2,100 J/kg-K
Thermal conductivity 0.3 W/m-K

Table 3. Gaussian beam properties

Parameter Value
Power 100 kW
Wavelength 1,064 um
Beam waist 3cm
Spot size 6.39 cm
Distance to target 3,000 m
Shell melt temperature 1,400°C

Explosive ignition temperature 400°C

model without rotation. The melted region would be 2 mm deep with a melted diameter of
26 mm. The Gaussian beam parameters are given in Table 3,

3.2. Surface heat transfer

The convection and radiation loss is insignificant in the region heated by the laser. This
allows for the convection and radiation losses to be approximated with only minimal error.
Only during rotation, when a surface element rotates out of the laser sight, does convection
and radiation loss become significant. Figures 5 and 6 compare the absorbed radiation and
heat losses from the same surface element on the cylinder. The absorbed radiation in Fig.
5 decreases as the absorptivity decreases with increased temperature. The heat losses are
negligible in comparison to the laser gain but increase with time as the surface temperature
increases. Radiation losses increase at a faster rate than the convective cooling as radiation
is proportional to the fourth power of temperature.

3.3. Mortar rotation

Mortars are fired from a smooth bore and are fin stabilized, but tolerances in manufac-
turing can produce spin rates of 1-4 Hz. This rotation will translate into a periodic heating
as sections of the surface rotate into and out of the laser beam. Figure 7 shows the surface
temperature and an interior temperature for a rotation of 1 Hz, for which the explosive
will reach 400°C and deflagrate after 5.5 s. The surface element heats up while the laser
is incident upon it but then cools via convection and radiation to the surroundings, as well
as conduction into the adjacent elements. There is considerable cooling when the tar get is
not in contact with the laser beam. The large amplitude in temperatures at the surface is
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Fig. 5. Surface radiation input to an element at the beam center.
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Fig. 6. Surface convection and radiation losses from an element at the beam center.

minimized significantly at the inner elements shown, where the deflagration would occur,
and a phase lag is present during the periodic heating.

Figure 8 shows the effect of a faster rotation of 10 Hz, in which the explosive
will deflagrate after 5.7 s. Kill times for various rotational rates are summarized in
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Fig. 8. Temperature at various locations of a rotating round at 10 Hz.

Table 4. A mortar that rotates will take longer to destroy than one that does not rotate,
as the target area will be able to cool once on the dark side of the rotation. For faster
rotations the temperature swells will become negligible and the kill time will not vary
noticeably with the rotational rate. None of the mortar exteriors that are rotating above 1
Hz reached the melting temperature, as occurred without rotation.

3.4. Appropriate mesh size

To assess the necessary mesh size, the simulation was repeated at various mesh sizes to
compare kill time results. A large mesh takes a significantly longer time to run than a small
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Table 4. Explosive ignition time for
various frequencies

Frequency (Hz) Kill time (s)
0 2.77
1 5.47
10 5.72
100 6.02

Table 5. Effect of mesh size on neutralization time

Parameter Small mesh Medium mesh Large mesh
No. of elements 7,497 52,111 169,371
Explosive ignition, s 2.67 2.77 2.717
Surface melt, s 1.77 1.55 1.55

Table 6. Atmospheric and beam parameters

Parameter Value
Aerosol Desert
Atmosphere Desert winter
Distance to target 3,000 m
Beam quality 2
Beam waist 3cm
Spot size 75.4 cm
Transmittance 0.685

mesh. As shown in Table 5, the large mesh had more than twice as many elements as the
medium mesh with no difference in the results. This was a significant validation because it
allowed the model to be utilized with a smaller mesh that uses less computing power and
compiles in a much shorter time. On the other end, use of a too-small mesh can lead to
eITors.

3.5. Effects of desert atmosphere

If a HEL system is employed in a current theater of operations, it would be in a desert
environment. Beam properties for the base model in a desert application are shown in
Table 6.

The large spot size is the result of significant beam blooming and drastically affects the
HEL effectiveness. This effect would be less pronounced the closer the laser is to the target.
The temperatures of the model at the end of a 4-s simulation are shown in Table 7, where
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Table 7. Temperature at 4 s with significant thermal bloom

Power (kW)  Outer shell temp (°C)  Inner shell temp (°C)

115 32.1 28.8
100 30.5 277
80 28.4 26.2

Table 8. Diffraction-limited case with 100-kW beam power

Wavelength (um)  Spot size (cm) Explosive ignition time (s)  Shell melt time (s)

1.064 6.4 2.77 1.55
1.315 7.2 1.60 2.18
1.625 8.2 1.97 3.49
2.141 9.8 2.73 >4

the starting temperature was taken to be 20°C. Given the significant thermal bloom, clearly
the laser would be ineffective until the mortar is closer to the laser origin.

3.6. Effects of beam wavelength

Higher wavelengths increase the angle of diffraction, which results in a larger spot size
on target. An increase in spot size greatly reduces the intensity of the laser, thus increasing
the kill time as shown in Table 8.

By comparing the increases in power vs. spot size for a HEL, it is much more important
to have a high beam quality than high power rating. A large beam quality greatly decreases
the effectiveness of the laser.

3.7. Defeating HELs in C-RAM applications

A method to defeat HEL systems would be to place a thin insulating material between
the shell and the explosive to delay the deflagration of the high explosive. This would force
the HEL system to stay on target longer to neutralize the target. If the insulating layer was
employed on a rotating round, then the time to melt the round would increase significantly,
and the kill mechanism would involve melting through the shell. Another countermeasure
would be to encase the mortar round in a shell with poor conductivity and poor absorptivity.
This goes beyond simply painting the mortar with a reflecting coating, which is ineffective
as the paint quickly burns off or produces a high-absorptivity char. These countermeasures
will be explored in further models.

4. Conclusions

A thermal model for the interaction of a 1,000-W/cm? laser with a mortar has been em-
ployed to estimate its kill time. The use of variable properties, a layered three-dimensional
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geometry, and transient boundary conditions was supported by using a finite element ap-
proach powered by the dynamic simulation platform Studio. Depending on the operating
conditions, the kill time ranged from 2 to 6 s, which agrees with experimentally available
data. Specific findings include the following:

* Modeling with variable properties instead of constant properties increases the kill time
by 50%.

» The absorbed radiation is at least one order of magnitude greater than the thermal losses
via radiation and convection.

e A mortar that does not rotate has a kill time of 2.8 s, whereas a typical rotation of 1-4 Hz
requires a kill time of 5.5 s.
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