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discontinuity will appear automatically. In the case of
a(0) =Cj/C2, a weak wave will stabilize as a wave of con-
stant amplitude. From Eq. (20) we have

1_ rexp(CA)
Cl I a(0)C2

-Sc[>0

which implies that the effect of radiative heat transfer will
delay shock formation.
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form fiberglass. In addition, as the laser pulse fluence in-
creases, the in-depth vaporization of fiberglass limits the
magnitude of the residual energy useful for potential multiple
pulse mass removal mechanisms.

Analysis
A one-dimensional transient heat conduction analysis with

in-depth absorption of laser radiation has been formulated
for fiberglass composites, and the governing equation can be
written as

)rte [ m r ( x ) T ]

4- 0 , o
dl
—
dx (1)

where p is the density of the solid; Cp is the specific heat of the
solid; T is the temperature; K is the thermal conductivity;
( C p ) r is the specific heat of the resin gas; mr is the mass flux
of the resin gas; 0r is the enthalpy of pyrolysis per unit mass
of gas generated; cor is the rate of gas generation per unit
volume; A// is the heat of vaporization of solid; co is the
vaporization rate per unit volume; / is the absorbed laser
intensity; and t and x are the time and axial coordinates,
respectively. For the radiative source term, it is assumed that
I=I0e~T, where I0 is the initial laser intensity (at ;c = 0); r is
the optical depth defined as4

and the absoption coefficient Kv is assumed to scale as the
solid density. Equation (1) has been solved by an explicit
forward-marching technique in finite difference form with an
initial condition T(x,t = 0)= T0 (x) and the boundary con-
ditions for t>0
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Introduction

THE phenomenology associated with high-power laser
irradiation of materials has been of interest for many

years.1"3 This Note will introduce the concept of "residual
energy" in a laser irradiated material and examine its effect
on the mass removed from a fiberglass surface by pulsed laser
radiation. The accumulation of the "residual energy," which
is defined as that portion of pulse energy remaining in the
material after the termination of the laser pulse, is expected to
pyrolyze the resin (with a pyrolysis temperature of ap-
proximately 900 K) which binds the plies of glass fibers that
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dx

where m is the vaporization rate at the surface; e is the
emissivity; o is the Stefan-Boltzmann constant; and L is the
wall thickness. The pyrolysis rate is adopted from Ref. 5.

ur = -p3
r[L39xlO-9exp(-20440/T)

+ 11570exp(-8556/T)]

where pr is the resin density. Expressions for pr and mr are
given in Ref. 3.

For surface temperatures well above the normal boiling
point, the surface pressure ps is given approximately by
Ps ~pva2, where pv is the vapor density and a is the sonic
velocity of the escaping vapor. But, Ps as a function of T can
be approximated by

p — p p-&H/RT
" — "

where p0 is a constant which can be determined from the
normal boiling point, and R is the ideal gas constant. With the
sonic velocity given by a = \/yR T, where 7 is the ratio of
specific heats, the vaporization rate at the surface becomes
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In formulating this model, we have assumed that in-depth
vaporization of glass fibers (at about 3100 K) as well as in-
depth pyrolysis of resin (at about 900 K) takes place, and the
resultant gases are assumed to be able to escape through the
porous char. Now, Eq. (1) can be solved with the appropriate
initial and boundary conditions to provide complete tem-
perature and density profiles in the solid along with the
residual energy. In the following calculations, the ther-
modynamic properties of fiberglass are taken from Ref. 6.

The Residual Energy
Fiberglass is constructed by binding many plies together by

resin which has a rather low pyrolysis temperature (ap-
proximately 900 K), and-each ply has a thickness of about
0.025 cm. When a surface of fiberglass is irradiated by a
repetitively pulsed laser, the plies can be loosened (and
perhaps removed) by pyrolyzing a major portion of the resin
in the interface between plies. The accumulation of residual
energy Qr, which, as previously indicated is defined as that
portion of the pulse energy remaining in the solid after the
termination of the laser pulse, can raise the temperature at the
interface between the first two plies, after a train of pulses, to
about 900 K. Significant resin is then pyrolyzed, i.e., 50%.
Here, we will use the preceding analysis to calculate the
residual energy and indicate its possible effect on ply removal.
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Fig. 2 Residual energy as a function of fluence.

Results and Discussion
Calculations have been carried out for pulse times of 10, 20,

and 40 /xs at various intensities. A nominal absorption length
for 10.6-/zm laser radiation in fiberglass has been shown to be
approximately 6 /un,7 and the sensitivity of the residual
energy to the uncertainty in the absorption length will be later
assessed. Shown in Fig. 1 are some typical temperature
distributions at various times for the case of absorbed in-
tensity /= 2 MW/cm2 pulse time TP = 10 /xs, absorption length
of 6 /-tm, and an initial temperature of 300 K. The solid lines
are the temperature profile during the laser pulse, and the
dashed lines are the temperature distributions after the ter-
mination of the laser pulse. The flat top feature of the tem-
perature profile is due primarily to the in-depth vaporization
of fiberglass which is one of the important factors limiting the
magnitude of the residual energy as the pulse energy increases.
In the calculations, we vary both intensity and pulse time, and
the results show that the residual energy is primarily a func-
tion of fluence. The residual energy vs fluence is given in Fig.
2 for the case of TP = 10 /AS, f = 6 /xm, and T0 = 300 K. Without
losses to pyrolysis of resin and/or vaporization of fiberglass,
the residual energy is simply the absorbed fluence, i.e., for
fluences less than 3 J/cm2. However, as the fluence increases
to about 3 J/cm3, the residual energy increases significantly
slower. For the case of virgin fiberglass encountered by the
first pulse (lower curve), the residual energy is about 4 J/cm2

at an incident fluence of 10 J/cm2, while it increases to 5.7
J/cm2 at 40 J/cm2 incident. When the resin has been com-
pletely removed, the residual energy increases by about 25%
at incident fluence F= 10 J/cm2 and 50% at F=40 J/cm2

(upper curve). In the above calculations, the absorption length
of 6 jLtm and the initial temperature of 300 K have been used.
However, there is uncertainty in the absorption length,7 and
the initial temperature for each pulse increases in subsequent
pulses due to the accumulation of residual energy. The effects
of absorption length and initial temperature on the residual
energy are shown in Fig. 3 for the case of 1-2 MW/cm2 and
TP = 10 /AS. The dashed line shows the effects of absorption
length. The residual energy increases from about 3-6.5 J/cm2

when the absorption length varies from 2-10 /nm, and it drops
to about 0.2 J/cm2 for surface absorption. The effects of
initial temperature on Qr are shown by the solid lines (i.e.,
both with and without resin), and Qr decreases with in-
creasing T0. For T0 greater than approximately 900 K, the
upper curve should"" be used because the resin would
pyrolyzed even without laser radiation.
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Fig. 3 Effects of absorption length and initial temperature on
residual energy.
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Fig. 4 Resin density distributions at various times for an equivalent
cw laser.

As shown in Fig. 2, a residual energy of 5 J/cm2 can be
deposited in fiberglass with pulse fluence of F— 8 J/cm2

(without resin) and F—20 J/cm2 (with resin). Let's consider a
10-pps pulsed laser which delivers an average residual energy
of 5 J/cm2 per pulse. The average intensity for an equivalent
CW laser is 50 W/cm2. With an average intensity of 50
W/cm2 , the one-dimensional heat conduction analysis
provides the temperature and density history. As shown in
Fig. 4, the resin density profiles are given at various times. At
the time of about 2.5 s, the resin content at the interface
between the first two plies has been reduced by a factor of 2.
Hence, if this criterion is used for ply removal, it is possible to
remove the first ply on a fiberglass surface with a 10-pps laser
which delivers an average residual energy of 5 J/cm2 per
pulse in approximately 2.5. s.
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Introduction

METHODS for Orthogonalization of measured mode
shapes have been proposed in the literature by several

authors.1-9 In Refs. 9-11, the orthogonalized modes and their
measured frequencies were used to correct "a given stiffness
matrix. In Ref. 10, the present author proposed a method by
which the rigid body modes are not corrupted, and the
measured credibility of the different, groups of measured
modes is incorporated by the order of their selection during
the Orthogonalization process. In fact, Ref. 10 tries to satisfy
the seemingly opposed opinions of Rodden12 and Targoff.13

Rodden12 requires the Orthogonalization method to keep the
rigid body modes uncorrupted and to assign a higher
credibility to the measurements of lower-frequency modes,
while Targoff5 thinks that modes which occur in grouping
with narrow frequency band must be equally treated.
However, the selective method proposed in Ref. 10 satisfies
the first or second requirements in a discrete way which
cannot be easily controlled. By the method presently
proposed,14 the requirements can be satisfied smoothly and in
a controllable way. The different requirements can be
satisfied in a simple way by introducing a properly chosen
matrix of proportionality. In this way, the corrupted mode
shapes are obtained simultaneously. In the numerical
example, given "measured" modes are orthogonalized by
applying the two methods. The results show clearly the ad-
vantages of the presently proposed method. It is interesting to
show the relationship among the proposed methods and those
of McGrew3 and Targoff.8 The selective method degenerates
to the McGrew method when the shape modes are selected for
Orthogonalization one by one. If one chooses the matrix of
proportionality to be the unit matrix and orthogonalizes
simultaneously all mode shapes, including the rigid body
modes, the proportional method14 degenerates to that of
Targoff.13

Formulation of the Problem and Its Solution
Following the modified method10 of the basic approach

given in Ref. 9, one must first select the rigid body mode
shapes. This must be done in order to keep these modes
uncorrupted. Let R(nxr) be a matrix which represents the
analytically known rigid body mode shapes which have
already been orthogonalized. Hence,

R*MR=I (1)

where M(n xn) is a known symmetric positive definite mass
matrix.

Let T(n xq) be a matrix which represents the modes which
have to be orthogonalized. It must be noted9'10 that the
measured modes Ti have to be normalized in the following
way

T^fiWMfi)-" (2)
where ft is the mode shape before normalization.
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