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A numerical model of the physical processes governing laser charring of fiberglass
materials has been developed. The model is three-dimensional and transient and
incorporates submodels for volumetric and surface laser energy absorption, pyrolysis
chemistry kinetics, pyrolitic gas outfluxing, char removal via chemical reaction, and radar
attenuation resulting from char formation. This model differs from previous char modeling
work because it deals with volumetric, in addition to surface, energy absorption.
Modeling results are compared directly with measurements of temperature, char
thickness, and optical and radar transmission made on fiberglass material test slabs in a
wind tunnel. The comparisons show very good agreement and illustrate subtle behaviors
associated with changes in heat transfer and char thickness. Because of uncertainties in
important physical properties, some empirical input of thermophysical properties to the
model is recessary. However, the amount of this empirical input is manageable and
enables close prediction over a large range of laser flux.
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6 SEMAK AND MILLER

M Mach number of external flow
M, molecular weight

m mass flux

N, Avogadro number

m number density of char centers
np cmpirical wind-tunne} exponent
q heat flux

R radar intensity

o char particle radius

5 surface area

T temperature

t time

1% volume

A specimen thickness

e surface emissivity

I absorption coefficient

v kinetics rate

i) density

a Stefan—Boltzmann constant

1. Introduction

The set of the main physical and chemical processes accompanying laser interaction is
specific and large for a given type of material. It is possible to construct a generic modcl of
laser intcraction that incorporates all currently known science related to the laser interaction;
however, either the simulation will be impossible or its accuracy will be low due to the
computational problems associated with the complex code corresponding to the complex
physical model. Thereforc, in order to perform a high-accuracy simulation of laser-induced
charring a physical model was constructed that included only main physical and chemical
phenomena governing the laser interaction with fiberglass composite materials. Numerous
computational experiments and verification exercises against extensive experimental data
were performed to perfect the suite of selected physical-chemical phenomena. A particular
goal was (o minimize the number of these adjustable parameters.

Although physical/computational models for char-forming materials have been proposed
and exercised previously,>%101317 the present work differs from and expands upon the
prior work in scveral significant ways. Prior work deals almost exclusively with the for-
mation and subsequent ablation of char during reentry or hypersonic flight. In these cases
heating is through the surface (which is the location of the char initiation site as well) while,
depending on laser wavelength, heat generation and char formation can occur volumetri-
cally. Even with surface laser absorption, the temperatures that occur are substantially lower
than those seen during reentry. Consequently ablation or other surface removal processes
are different. In this work, new treatments of char pyrolysis kinetics and thermomechanicai
effects specific to composite materials are introduced. Finally, results from this treatment
are compared directly with measurements''T of optical transmission, surface temperature,
char thickness, and radar frequency (RF) attenuation.

t Although Ret. 11 may not be readily availablc to some researchers, the author of Ref. 11 anticipates releasing

a publicly available reflerence in the form of an Applied Research Laboratory/Penn State University Rescarch
Memorandum,
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MODELING OF LASER CHARRING IN FIBERGLASS MATERIALS 7

2. Physical Description

The physical and computational models were developed to simulate laser interaction with
a fiberglass composite material that consists of glass fiber layers woven with layers of epoxy
in between. The epoxy wets the fiberglass layers and alier solidification keeps the fiberglass
tayers together. In our model, the weave patterns and the orientation of the fiberglass sheets
are the important parameters that affect the heat transfer and charring initiation and kinetics.

The physical model developed for the lascr-induced charring of fiberglass requires specific
attributes:

* Volumetric absorption of the laser beam in the material (and subsequent heating)

» Surfacc cooling due to the effect of the airflow, thermal radiation, and the surfacc
evaporation of glass

* Multistep thermal decomposition of the epoxy with production of gas and final pro-
duction of char

* Growth of the char particles nucleated in the voids of the fiberglass weave pattern and
evaporation ol these char particles

* Fracturing of the glass fibers and, related to that, surface erosion

* Attenuation of radar radiation by the char particles produced in the material.

The laser beam is absorbed by both the fiberglass material and the char particles. The laser
bcam absorption in fiberglass is wavelength dependent. For the wavelength of a Nd: YAG
laser, 1.06 z2m, the absorption length in fiberglass is comparable to (or exceeds) the target
thickness (i.e., > 1 cm). Although the laser beam absorption length at 1.06 pem is different for
fiberglass and for epoxy, the fiberglass composite was considered as a homogeneous material
and an average absorption length was uscd. Experiments!! demonstrated that absorption
length in the fiberglass material for the radiation of a Nd:YAG laser increases with the
increase of the material temperature. The physical properties of the fiberglass material
studied here were density of 2,000 kg/m?, specific heat of 1,044 J/kg-K, heat conductivity
at room temperature of 0.4 W/m-K, and latent heat of evaporation in the range from 7 to
13 MJ/kg. (Typically a 10-MJ/kg value was used in the calculations here.) Although thermal
decomposition or melting of epoxy might result in the change of its optical properties, the
possibility was not modeled here. For the case of CO; lasers, it is well known that organic
materials, such as epoxy, and silicon-based glass are strongly absorbing at wavclengths
in the far infrared.%> Therefore we assumed that the beam of a CO, laser is absorbed at
relatively short length, very much smaller than the thickness of the target, such that the
absorption can be considered as occurring entirely at the surface.

The absorption of both wavelengths by char particles occurs in a very short distance,
very much smaller than the characteristic diameter of a char particle. The size of the
char particles increases starting from zero. Thus, initially the size of the particles can
be much smaller than or comparable to the absorption length. However, measurements
of Nd:YAG laser and radar transmission demonstrate that the growth of char particles is
so rapid that the stage when particles are transparent to the optical radiation need not be
modeled.

Refraction in the glass fibers and density fluctuations of the epoxy cause laser beam
scattering. We have performed numerical experiments in order to study the effect of scat-
tering on the spatial distribution of the laser irradiance in the material and the related spatial
distribution of the hcating rate. The laser beam scattering was modeled on a macroscopic
level by using scattering coefficients represcnting an average description of the scattering.
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8 SEMAK AND MILLER

The results demonstrated a negligible effect of scattering on the thermal field. Although not
specifically addressed here, modeling on the microscopic level can reveal local hot areas
produced by refraction and scattering in the inhomogeneous material. These hot arcas have
a potential role in char nucleation.

Absorbed laser radiation causes an increase of material temperature. Absorbed laser
irradiance can be spatially nonuniform or Gaussian-like (especially if from nonlaboratory
sources), which also causes nonuniformity of the thermal field. Note, though, that the shape
of the laser profile does not affect the subsequent theoretical development. The coefficients
of heat conductivity of glass and epoxy are different. Therefore, the heat conductivity of
a composite material consisting of layers of fiberglass with layers of epoxy is anisotropic:
coefficients of heat conductivity along the fiberglass layers and in the direction perpendicular
to the fiberglass layers are different. Although anisotropic conductivity models can be
developed, the model in the present work used an average heat conductivity disregarding
its anisotropy. The laser beam is larger than the characteristic length of the heat conduction
along the fiberglass layer. Therefore, disregarding the anisotropy introduces a negligible
error in the computation of the thermal ficld.

3. Mathematical Mode! of Laser-Induced Charring
3.1. Thermal field

The thermal field in the target is computed according to Eq. (1):
aT(z, t)
Y
where c is the specific heat of material, p is the density, K is the temperature-dependent
heat conductivity, giaser i the heat source due to absorption of laser radiation, and gy is the
heat sink due to phase transformation (polymer breakdown).

Al elevated temperatures, epoxy decomposes and produces gas. The gas products can
accumulate between the fiberglass layers. When the pressure of gas exceeds the material
strength, delamination can occur that results in a significant (orders of magnitude) decrease
of heat conductivity. This effect is also taken into account by the model. The authors propose
that the temperature dependence of the heat conductivity of uncharred composite material,
reflecting the delamination effect, is given by Eqs. (2):

K(Th=K,, for T <T,
K(T):K]—(K]—Kz)X[T(Z,r)—T]]/(Tz—T[), for Tl <T<T2,
K(TY=K,, for T>T1, )

= VIK[T (2. DIVT (2, 1)} + Gruser(2, 1) — gpulz, 1), (1

with Ty =700 K and 7; = 1,200 K. The linear dependence of the thermal conductivity
of the virgin fiberglass was required to reproduce specific behavior in the temperature and
optical absorption measurements.! This topic is discussed at greater length in the discussion
section. The coefficient of heat conductivity of charring material is

Ky = K(1 - fchar) + Kcharfchan (3)

where fun,e is the volumetric fraction of charred material and Ko, is the heat conductivity
of char. The coefficients used in the numerical simulation of laser charring of the fiberglass
composite studied here were Ky =0.4 W/mK, K, =0.05 W/mK, and K5 = 6.0 W/mK.
The value for K is consistent with that advocated in Ref. 17 for virgin silica/phenolic,
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MODELING OF ILASER CHARRING IN FIBERGLASS MATERIALS 9

whereas Ko, is consistent with the value advocated in Ref. 7 for char. The reduced value
for K is consistent with the effect of delamination and the formation of gas spacc and is
consistent with the values used in Ref. 5.

The heat source due to the absorption of laser radiation, g, in Eq. (1) is expressed by
the equation

Puasert, 1) = wx(2)1(z, 1), 4

where ;i3 is the absorption coefficient and 7 is the laser beam irradiance al the location
with coordinate z along the z axis, which is normal (always in the present work, though
the theoretical development is not impucted by the assumption of oblique irradiation) to
the target surface and directed along the laser beam propagation. The beam intensity is
expressed by the Beer—Lambert law

z

I(z, 1) = Alo(t) exp [— f Mz(z,f)dz}, )

0

where A is the surface absorptivity and [ is the incident beam irradiance,

Radar attenuation measurements offer another means of model validation. The attcnuation
of the radar radiation by the char particles is modeled assuming Beer—Lambert attenuation
inside an individual particle. The coefficient of absorption is related directly to the char
electric conductivity. Experimental measurements® have demonstrated that the char, formed
as a result of thermal decomposition of epoxy, is electrically conductive if its temperature
exceeds approximately 1,070 K. The atomic structure of graphite changes from amorphous
to crystalline near this temperature, allowing it to conduct clectricity and, therefore, absorb
RF radiation. It is worth noting that some workers* found that the structure of pure graphite
transitioned around 1,600 K, while others'8 found that “hydrogenated” carbon transitioned
at 523 K. Our model gave the best matching with the experimental data if the char particles
were assumed to be nonconductive and transparent to the radar radiation, when during
formation the char temperature remained below 1,150 K.

We assume that the char particles are opaque to the laser radiation. The char particles are
small such that the diffraction averages the laser intensity at the distance much smaller than
the sample thickness; i.e., the diffraction geometry for an individual particle corresponds
to the far-field case. The thickness of the sample is small relative to the distance at which
beam divergence due to scattering on the char particles must be taken into account; i.e., the
scattering geometry for the particle ensemble corresponds Lo the near-field case. Henee the
attenuation of average laser intensity / can be described in terms of geometric shadowing:

a7
dz
where 7, is the radius of the char particle and # is the number density of the char particles.

Then the absorption coefficient i can be cxpressed in terms of char particle radius r, and
particle number density n:

= —Ifrrﬁn, (6)

m= nrin, (7)
The relation between the char particle radius r,, particle number density 7, and volumetric
fraction of the char fuay, is given by the equation

$arin = fenar. (8)
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10 SEMAK AND MILLER

The absorption cocfficient ;¢ can be expressed in terms of volumetric fraction of char fopar
and number density of char particles »:

H= \:/ (%JI zl;larn)' 9

The coefficient of absorption of the material is given by the equation
sz, ) = ulT(@ O + | Safi (T, ln) (10)

The first term on the right-hand side of Eq. (10) is the absorption cocfficient of uncharred
material. Comparison with experimental measurements, after the fact, demonstrated that
the temperature dependence of the uncharred material can be approximately cxpressed as

W(T) = o, for T < T7y,
Ty = po — (o — ) X [Tz, r) = T7 ) /(T2 = T71), for Try < T < Tra,
w(T) = 1, for T > Tys. (11

The coeflicients have the values =360 m~!, u; =200 m~', Tr, =380 K, and
T72 =520 K. The second term on the right-hand side of Eq. (10) describes optical at-
tenuation by the char particles. The linear dependence was required to enable prediction
of the observed'" trend of increasing transmission with increased temperature prior to the
onset of char formation.

The boundary condition expressing heat fluxes at the target surface is given by the equation

aT(,t) d

Lot = —K[T(0, l)]T o

OMey .
(( ) Hew + reon(t) + Pradiaion(DI[T(0, 1) — T¢l,

ot
(12)
where dm, /9t is the surface evaporation rate, ds is the surface area element, H,, is the latent
heat of evaporation of the surface material, # is the coefficient of convective heat exchange,
T(0, t) is the surface temperature, and T is the recovery temperature of the airflow. The heat
transfer coefficient incorporates the effective radiation heat transfer coefficient (4;agiation =
oel T, 1) + T7ITO, 1) + Ty D).

Four processes affect the heat exchange at the target surface: convective heat exchange
with the external airflow, thermal radiation from the surfuce, degussing from the surface
due to the epoxy chemical decomposition, and evaporation of the glass near the surface.
The specimens modeled here were charred in a subsonic wind tunnel under both stagnant
conditions and with M =0.9 airflow.!" Convective cooling was modeled using Newton’s
cooling law (i.e., cooling at the surface is proportional to the difference of temperature
ol the surface and the recovery lemperature of the airflow). The temporal behavior of the
convective heat exchange coefficient / is shown schematically in Fig. 1. The initial slow
reduction of % is approximated by the equation # = a /(¢ + »)*?. The coefficients a, b, and np
and the time of evaporalion onsel arc established empirically and are based on the specific
characteristics of the test wind tunnel. In the experimental studies,'! the laser was turned on
after a delay relative to the turning on of the wind tunnel. The time delay corresponds to the
period during which airflow establishes and velacity reaches a steady-state value. Detailed
measurements of surface heat transfer were made in the portable blow-down wind tunnel
used for testing.!! The time dependence of the heal exchange coefficient was computed
for the specific conditions of the experiment, i.c., flow velocity, wind-tunnel geometry, and
pressure in the gas cylinders, and this submodel was developed to ensure proper correlation
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MODELING OF LASER CHARRING IN FIBERGLASS MATERIALS 11

onset of pyrolysis outgassing

t time

con conveq

t

Fig. 1. Transient convective heat transfer behavior.

with the experiment. The degassing from the surface affects the heat flow at the target
surface. The flow of the gaseous products of epoxy decomposition produces a blanketing
effect, preventing the heat exchange between the ambient airflow and the target surface.
This phenomenon is described in more detail in Refs. 8 and 14.

The surface evaporation produces cooling at elevated temperatures. We believe that for
the case of the fiberglass composite material, the evaporation of glass is responsible for
the stabilization of the surface temperature observed experimentally. The cooling etfect of
cvaporation s strongly dependent on the latent heat of evaporation. The values of the latent
heat of evaporation from solid glass and from molten glass are different. Therefore, the
temperature dependence of the evaporation-related surface cooling is different for solid and
for molten glass. This difference is accounted for in the model.

Radiation heat flux was modeled simply as £6 (7 ... — Tabpien)- The emissivity & is
taken to be ~0).9 (consistent with other sources!>?1317), For an ambient temperature of
20°C, the radiant heat fluxes for surface temperatures of 1,000, 1,500, and 2,000°C arc 13,
50, and 136 W/cm?, respectively. Radiation heat transfer had an insignificant effect during
the initial heating of the specimen. At the higher temperatures, atter charring has started,
it can be a significant fraction of the laser flux (especially in the context of diminished
convective cooling once charring begins).

3.2. Chemical reaction

The last term on the right-hand side of heat transfer equation (1) describes the heat sink
due to polymer breakdown, and subsequent char formation. Assuming a three-stage reaction
of the breakdown, the heat sink is given by the equation
af1(z. 1) p

Jt ]

H M H>

dfa(z, ¢
+ % p3Hs, (13)

ofz(z, t
gpnlz. 1) = + __f.z;: )
where f1, />, and f5 are the fractions of the reaction components; p;, 02, and p; are the
densities of the reaction components; and H,, H», and Hj are the enthalpies of the reaction
stages. The reasoning pertaining to the selection of three stages is described below.

The production of char was modeled as a growth of the char particles that nucleate in
the gaps of the weave pattern of the fiberglass layers. The rate of the particle growth is
defined by the rate of the charring reaction. The growth of the char particles occurs as a
result of temperature increase. The char particle growth is countered by the removal rate
from the char particle surface by chemical reaction or mechanical removal. The reaction
rate increases with the temperature increase. The char particle size can be stabilized at a
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12 SEMAK AND MILLER

certain level and then starts decreasing when all fuel for the char formation is depleted or
the temperature is increased to high values such that the removal rate is higher than the char
[ormation rate.

The process ol epoxy charring is a result of thermal decomposition of the polymer
molecules. Detailed information on the chemical reactions of thermal decomposition of
epoxy is unavailable. Although multistage (specifically “three-stage™) charring kinetics have
been proposed,’*'*!7 we have rejected the form used by these references as inadequate, In
these references the overall kinetics raie equals the sum of several (usually three) separate
Arrhenius-type expressions; each is dominant over a limited temperature range. However,
when one considers the lemperature range of laser-induced charring, essentially only one of
the expressions is used; the others contributed insignificantly. For all intents and purposcs,
these models function as single-step models.

The attempt is made with the three-stage mechanism proposed here to accommedate
the sequential reaction mechanisms described by Torre et al.,!® who suggest that initial
reactions occur at lower temperatures (up to ~600”C), with further heating of the exposed
surface at elevated temperatures (up to ~1,800°C) producing char. This view suggests that
a polymer-cracking reaction may he a more appropriate model. During the first stage the
polymer molecules break, releasing volatile products. The shorter polymer molecules pro-
duced at the first stage of the reaction break into even shorter molecules during the second
stage, producing additional volatile products. Finally, at the third stage the short molecules
break again, generating char and volatile products. The reaction rates are temperature de-
pendent, and the charring proceeds faster as material temperature increases due to laser
beam absorption. The paramelers of the three-stage reaction of epoxy charring, i.e., the rate
constants and activation energies, are determined by matching numerically predicted rates
of char production with the experimentally measured rates.

A three-stage chemical reaction responsible for the epoxy breakdown and charring is
given by the system of equations

% = —1 V[| — Vgl Vo, (143)
A (14b)
ar
oV,
Br = v Vy —v3Vo —vga Vs, {14¢)
9V
o = Vs, (14d)

where V; is the volume of the epoxy material, V) and V; are the volumes of the intermediate
products, V3 is the volume of char, and the reaction rates are denoted by the lctter v with
index corresponding to the stage number and gaseous products {denoted by the subscript g).
The volumetric fraction of char is fohae = Va/ Viy. Equations (14a)—(14d) describe a cascade-
like effect. The loss of virgin material, Vy, during the first stage |Eq. (14a)] is dependent on
the amount of virgin material present at the time (i.e., if no material exists, then no material
can be removed). Some of this loss is in the form of gaseous products, and some goes to
form material 1, We assume that there is no catalysis due to the presence of other materials.
The amount of material 1 [Eq. (14b)] increases as material is transformed from the virgin
state and reduces as material 1 is lost to the gas phase or to the formation of material 2. This
sequence is repeated until the char formation stage [Eq. (14d)].
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MODELING OF LASER CITARRING IN FIBERGLASS MATERTALS 13

Table 1. Specific reaction kinetics coeflicients for sample fiberglass

Reaction stage (i) A ls H;, Ml/kg Agi, s H,i, MY/kg

1 800 0.8 900 0.9
2 1,200 0.93 900 0.9
3 500 1.0 0 0.9

The reaction rates corresponding 1o ith stage are given by the equation
A’Iu.i Hi
NAT(z, )]’

where A; is the reaction constant, M, ; is the molecular weight of the ith component, H; is
the enthalpy of the /th reaction, N, is the Avogadro number, and 4 is Boltzmann’s constant,
The specific kinctic terms that best fit the fiberglass data compared here are listed in Table 1.
These values were determined by matching the predicted onset and rate of increase of RF
attenuation with measurements'! and are appropriate for fiberglass materials similar o thosc
studicd here. These values produce good agreement over a large flux and convective cooling
range.

v; = A; exp [— (15)

3.3. Char removal/radar attenuation

The attenuation of the radar intensity is given hy the equation
dRiz, 1)

dz
where (7, is the allenuation of radar radiation in the char, r is the number density of char
particles, and r, is the char particle radius related to the volumetric fraction of char fop,e by

the equation
3 fchur 173
, = | = . 17
g (4 wn ) (7

= R(z, t){[l —exp( - uzhfflr},)]nr,ﬁ,n}, (16)

The growth of the char particle radius r, can be determined using the volumetric fraction
of char funa(?), which is changing in timc as described by the three-stage chemical reaction
of thermal decomposition of polymer epoxy. Here 12/, is equal to zero for temperatures
less than 1,150 K (o account for the transparency of amorphous char to RF radiation. For
temperatures in excess of 1,150 K, 17, =10¥ m~' for the specimen char. The number
density of char particles is related directly to the number of nucleation sites, and that was
assumed to be proportional to the glass fiber weave density. For best agreement » equaled
102 sites/m”.

Surface char is subject to removal by the action of a number of mechanisms: chemi-
cal reaction, erosion (due o impinging matter), and aerodynamic shear-induced erosion.
Scala'? describes the mass-transfer regimes associated with ablating graphite (assuming no
mechanical crosion). The reaction rate controfled through diffusion-rate-controlled regimes
can be modeled using one- and two-film theory (as described by Turns!®), With the one-film
model, carbon is assumed to react kinetically with oxygen 1o create carbon dioxide. (The
oxygen must still diffuse through a boundary layer of reaction products and inert species.)
At sufficiently high surface temperatures the oxygen near the surface is depleted and the
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14 SEMAK AND MILLER

reaction mechanism transforms to the two-film model. With this model, carbon reacts with
carbon dioxide away from the surface to produce carbon monoxide that subsequently reacts
with the atmospheric oxygen. At higher temperatures, the rcaction rate is solely dominated
by the rate at which oxidizer can diffuse to the reaction zone., Note that this diffusion rate can
be augmented substantially in a convective flow environment. Qur initial diffusion-limited
predictions agreed well with the theoretical limit determined by Scala.'? These preliminary
calculations also suggest that surface chemical reactions at the temperaturcs of interest
during laser-induced charring were not sufficient to produce the level of removal observed
during tcsting. Measurements of char surface regression rates in this work indicate rates
roughly an order of magnitude greater than those observed experimentally."' An additional
mechanism, structural faiture of the char,'® was implemented initially; however, due to lack
of knowledge about the mechanical properties of both virgin and charrcd material, it was
not used (or the present work.

The chemical removal rate is modeled herc as a decrease of the char particle sizc due to
reaction with, or erosion by, volatiles produced by char formation in the specimen:

MaCH(I
= Ac - . 18
a "e"r’[ NukT(z,o] s

where Ac is the reaction constant for carbon, M, is the molecular weight of carbon, Hg is
the heat of reaction, N, is the Avogadro number, k is the Boltzmann constant, and T'(z, ¢)
is the local temperature at the moment of time f. Note that the difference belween this
formulation and the too-low chemical reaction described earlier is that it centers on the
interaction of the internal char particles with the volatile flow. The very large specific area
of the small char particles relative to a monotonic sheet of graphite produces substantially
elevated rcaction and removal rates.

4. Numerical Model

The block diagram of the numerical algorithm for the self-consistent solution of the
system of Egs. (1)~(13) is shown in Fig. 2. The input data for the computations are as
lollows:

. Initial temperature of material Ty(z, r)

Laser beam intensity distribution at the surface Iy(r, 1)

. Material density p and specific heat ¢

. Paramelers for matcrial heat conductivity, Ky, K, T, T,*

Char density g, specific heat ¢q, and heat conductivity K,

. Char atomic mass M 4, lalent heats of phase transformations H; and H,-,gI

. Constants of charring reaction A, and A, ,}

. Parameters for absorption coefficient of material, pq, 1, Tr1, Tra? [see Eq. (11)]

- Material absorptivity at the laser wavelength Ap,, absorption coefficient for radar
wavelength p, *

10. Convective heat transfer coefficients & /1, 4 2

I'1. Flow equilibrium time zy, power of time dependence A(1), 1 »

12. Evaporation reduction of convective cooling, feonv, feonveqs Hup

13. Time step 8¢, integration time £

14. Material thickness A

¥ Parameters requiring cmpirical input.

Journal of Directed Energy, 2, Summer 2006



MODELING OFF LASER CHARRING IN FIBERGLASS MATERIALS 15

Fig. 2. Flowchart of computation sequence.

Initially, the number of empirically bascd parameters appears daunting. However, it
is the authors’ contention that the number of significant parameters is reasonably small,
given the problem complexity. Obviously, such input data as the initial sample temperature,
sample thickness, and beam intensity and distribution are at the discretion of the user. Flow
characteristics must be obtained by characterization or modeling of the wind-tunnel or
other environment for which the simulations are made. Thermophysical properties such as
specific heat and density are deemed not to change much from values available from the
literature. The thermal conductivity and absorplivity of the virgin material can be obtained
by a comparison to a few sets of stagnant-flow measurements of optical transmission and
surface temperature, with no knowledge of char kinetics required. The latent heats can be
obtained from inspection of the locations of inflections in the prechar temperature profile.
The kinetics of the charring reactions can be obtained by comparison of the onset times
of char formation. A process of purameter estimation for other materials is unavoidable.
The values proposcd in this work are specific to a particular fiberglass. Therefore cach new
material should be evaluated separately. However, we believe that the procedure described
here for determining them makes the process less oncrous.

The output of the code includes a three-dimensional temperaturc ficld, a three-
dimensional distribution of char volumetric fraction (including material loss), the time-
dependent oplical transmissivity of the sample integrated over the laser beam, the time-
dependent radar attenuation, and the time-dependent surface temperature in the center of
the laser beam. The governing transient differential energy equation was implicitly dis-
cretized using the finite volume method into a collection of coupled algebraic equations.
The discretization had second-order spatial and first-order temporal accuracy. Although
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16 SEMAK AND MILLER

three-dimensional calculations are possible, the calculations made here were two-
dimensional (r and z) to reduce computational time. A grid consisting of 50 radial and
50 axial volumes was sufficient to produce a grid-independent solution. A time step of 1 ms
was used as well. Theoretically the implicit backward differencing of the time derivative is
unconditionally stable. However, the thermophysical and kinetic properties were evaluated
from the previous time itcration, so care was laken that the time step was small enough to
guarantee time-step-independent results.

5. Model Verification
5.1. Optical transmission

Measurcments'! of optical transmission of Nd: YAG radiation through fiberglass compaos-
ite material were used to determine the empirical thermal conductivity and optical absorption
coefticients. Figures 3a-3d show compurisons between measured transmission and predic-
tions made using the coefficients listed earlicr for samples of different thicknesscs and for
different fluxes. These were not cooled by convective airflow. The empirical coefficients
were determined by simultaneously matching the maximum value of transmission, the time
that the maximum occurs, and the shupe of the curves. [t is significant to note that a single set
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Fig. 3. Computed (symbols and lines) and measured!' (lincs) optical transmission for fiber-
glass for Nd:YAG laser interaction for different power fluxes and specimen thicknesses
under no-airflow conditions.
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of constants produces such good agreement over a large range of incident flux and specimen
thickness.

The tendency for increasing transmission with increasing temperature (or time) has been
noted earlier. The point where transmission begins to fall off corresponds to the onset of
char formation. The experimental data also showed an intcresting tendency to delay the
location of peak transmission for thinner materials. It was this observation that necessitated
the relationship for thermal conductivity that was shown earlier, which we attributed to
delamination effects.

5.2. Surface temperature and RF attenuation

The compuied and measured data'' presented below are for both a Nd:YAG laser and
a CQ; laser. The material of the target was a composite {iberglass, the thickness of the
target was 0.63 cm, the specimen radii werc 4 c¢m, the laser spot radii were 2.54 cm for
175 and 300 W/cm? and 1.85 c¢m for 500 W/ecm?, and the radar beam radius was 1.25 cm.
The predicted surface temperature and radar attenuation for Nd:YAG laser irradiance of
175 W/em? are shown in Fig. 4. These and all remaining calculations simulated irradi-
ation in the presence of a M =0.9 airflow parallel to the specimen surface. The surface
temperature predictions agree reasonably well with measurements. The various curves rep-
resent separate test runs under the same conditions. The radar attenuation, however, ditfers
substantially from the measurements. The predicted radar attenuation increases initially to
a value approximately four times higher than the measured value and then decreases to a
value that is approximately two timcs higher than the measured attenuation. In all situations,
the low-power data exhibited the greatest variance, perhaps due to of the greater influence
of cooling losses. At lower power levels the amount of outgassing from the specimen is
reduced; consequently the convective insulating effect due to the outgassing (as illustrated
in Fig. 1) is much reduced as well. Higher power levels yielded much more repeatable
measurements.

The predicted temperatures and radar attenuations for the Nd:YAG laser irradiances
of 300 and 500 W/cm?, shown in Figs. 5 and 6, differ from the measured data by less
than 10%, which is less than the statistical variation of the measurements. The predicted

1200

1000

3

Temperature, C

Laser attenuation, % ; Radar attenuation, d8

Time, 8 Tirme, s

Fig. 4. Computed (symbols and lines) and measured!! (lincs) surface temperature and radar
transmission for fiberglass for Nd:YAG laser (175 W/cm?) interaction in airflow M =0.9
with surface outgassing.
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Fig. 5. Computed (symbols and lines) and measured'' (lines) surface temperature and radar
transmission for fiberglass for Nd: YAG laser (300 W/cm?) interaction in airflow M = 0.9
with surface outgassing.
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Fig. 6. Computed (symbols and lines) and measured!! (lines) surface temperature and radar
transmission for fiberglass for Nd:YAG laser (500 W/cm?) interaction in airflow M =0.9
with surface outgassing.

temporal behavior of surface temperature for 300 W/cm?, reflecting the process of melting
of glass fibers, agrees well with the experimentally measured data. The predicted depth of
erosion after 10 s (Fig. 7) coincides exactly with the valucs measured by the authors with
microcalipers: 0 mm for 175 W/cm?, 2 mm for 300 W/ecm?, and 4 mm for 500 W/em?. The
high-frequency excursions in temperature were associated with surface removal of material.

A feature of compelling interest in the radar attenuation measurements is the tendency
for attenuation to decrease and/or to develop a plateau as time gocs on. This tendency was
observed for all power levels and a range of specimen thicknesses. Two mechanisms were
examined numerically in an attempt 1o illuminate the physics behind these observations. For
the first, we considered the physical removal of surface material by both chemical-reaction
and thermal-stress-induced fracturc. To produce constant attenuation, material must be
removed at the same rate that attenuating char is formed. The removal mechanisms did
produce the degree of removal observed at all power levels and also produced the falloff
in attenuation at higher power levels. However, if removal rates were of magnitude equal
to that of char formation, the model predicted specimen burn-through at the highest power
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Char fraction

300 W/em® 500 W/cm*

Fig. 7. Spatial distribution of the char volumetric fraction after 10 s of laser exposure with
irradiance of 300 and 500 W/cm?.
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Fig. 8. Computed (symbols and lines) and measured'! (lines) surface temperature and radar
transmission for fiberglass for CO, laser interaction (175 W/cm?) in airflow M = 0.9 with
surface glass evaporation.

levels. Furthermore, if one considers that no char was removed at the lowest power level,
one must conclude that this mechanism was not responsible for the low power attenuation
plateau.

The second mechanism proposes that if cooling of the specimens is sufficient, then the
temperature of the char farthest away from heating can be kept under the amorphous-to-
crystalline transition point. Plotted in all of the Nd:YAG surface temperature figures are
predictions of the back wall temperature. Note that while the back wall temperature initially
increases rapidly, it transitions to almost a constant value at the same time that the radar
attenuation plateaus. This is due to the (inite arca over which the specimen is irradiated.
The cooled surface surrounding the irradiated area offers a path by which heat is conducted
away from the underside of the char layer.

The predicted radar attenuation for the CO; laser irradiances ol 175, 300, and 500 W/cm?
are all in excellent agreement with the experimental measurcments (as shown in Figs, 8-10).
These figures also show that the predicted surface temperatures are also in excellent
agreement, except for the case of beam irradiance of 175 W/cm?, when the computed surface
temperature is approximately 30% less than the measured temperature. The predicted tem-
poral behavior of the surface temperature for the case of 300 W/cm? reflects the glass-melting
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Fig. 9. Computed (symbols and lines) and measured'! (lines) surface temperature and radar
transmission for fiberglass for CO» laser interaction (300 W/cm?) in airflow M = 0.9 with
surface glass evaporation.
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Fig. 10. Computed (symbols and lines) and measured!! (lines) surface temperature and
radar transmission for fiberglass for CO; laser interaction (500 W/em?) in airflow M =0.9
with surface glass evaporation.

dynamics and matches the experimental datu remarkably well. The much improved match-
ing of model and experiment for the CO; laser case was attributed to the fact that the laser
flux was absorbed at the surface of thc specimen. As a consequence, the relatively high
degrec of potential uncertainty regarding the characterized behavior of the internal trans-
mission behavior that complicated the Nd:YAG simulations was not present for the CO;
simulations.

6. Conclusions

The numerical predictions of the surfuce temperatures, radar attenuation, laser beam at-
tenuation, and material removal rates for the fiberglass compositc were obtained for the laser
beam irradiances in the range from 175 to 500 W/cm?, for two wavelengths of 1.06 and 10.6
pum. A high degree of fidelity and consistency of the model predictions was seen in com-
parisons with the experimental measurements of laser transmission, surface temperature,
and RF absorption. The model used a manageable number of empirically based parame-
ters, which can be determined via relatively inexpensive testing. Barring the development
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of accurate physics-based submodels for different fiberglass composites, limited measure-
ments are required for different specimen materials. However, the qualitative dependencies
of these parameters are modeled based on first principles and appear to produce reasonable
results for conditions well outside their initial ranges.

The model has shown the capability of accurately representing important and subtly
nuanced behavior, namely,

1. The location of the point and magnitude of maximum laser transmission

2. The peaking and falling off of radar attenuation (associated in part with loss of material)

3. The plateau in radar attenuation (associated in part with the transition in carbon form
and change in electrical conductivity with temperature)

4. The proper amount of charred surface removal

5. The fluctuating character of the surface temperature and radar allenuation caused by char
removal

6. The latent heat effccts of the glass fiber material (as seen by the change in temperature
profile curvature)
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