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Simulation of Repetitively-Pulsed Laser Irradiation
of Graphite-Epoxy Composite '

1. INTRCDUCTIGN

For their investigations of the rapid heating of graphite epoxy
composites, Griffis, Masumura and Chang (GMC) [1] developed a computer code
to calculate the response 0° a composite to CW laser irradiations with
fluences of the order of kilowatts per square centimeter. Dzia are also
available for the repetitively-pulsed laser irradiations of the same
composite material. These irradiations involve much higher peak powers, of
the order of megawatts per sqiare centimeter, typically with 100 bulses of
12 us duration at the rate of 100 pulses per second. The average energy
deposited (160 X 10 s X 106 H/cm = 103 J/cm ) is about the same
‘as in the GHC work.

In this report I describe the modifications that I inade to the CMC code
so as to handle the larger pulsad fiuences. When attempting to use. the GMC
code at higher fluerces, reveral problems arose.. The code had to be '
modaified to handle pulsed irradiatidns. but this did not, in itself, disturd

the numerical procedures used in the code. The next section describes the
new_ time-mesh structure, which allows a repeated heat-on/heat-off '

. {rradiation. The three order-of-magnitude increase in the peak fluence did -

gerierate numerical problems. Oue to the low thermal conductivity of tre
‘cosposite material, enormous thermal gradients are created at the surface of
the mate%ial;-gradients of the order of 107-108'C/cm. This problem was
circumvented by replacing the grjd sturcture for the depth variable with:
‘another structure that has a very fine mesh size at the surface and that
graduzlly cdarsens as one goes deener into the materfal. This mesh is
described in Section 2.’
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In the GMC model of the composite response at high temperatdre, the _
material (graphite and residual epoxy) decomposes at 3316°C. Once the front
surface reaches this temperature, the surface begins'to recece. CMC
modified the equations describing the surface conditions'in order to
simQIate this recession. At the higher fluences used with the repeiitive1y-
pulsed irradiations, their procedure becomes numerically unstahle.' I '
cescribe in Section 4 a modified method for hanrdling the recessicn.

Section 5 describes the changes made in the handling of the'thermaT
properties, which has the effect of both improving the numerical convergence
of the calculations and improving their accuracy. The follcwing'section ’
reports a test of the code that compares the program's calculation of the '
time for a complete burnthrough with the time derived from simple heat
capacity estimates.

in orcer to verify that none of the changes outlined above made any
substantial change in the 1ow fluence, CW results, Section 7 compares one. of
the calculations mace by GMC to the same calculation mace with the modified
code. The next section contains a sample calulation for a pulsed
irraaiation. Section § then presents a detailed comparison of this coce's
results with an experimental pulsed irradiation. =

Throughout this report we follow the notation of Griff13,~Hasumura and
Chang. Rather than repeat equations that appear in their report, we will
refer tc them directly by using their ecuaticn numbers prefaced by a “G"..
We also follow GMC in using the expressfon; for surface losses due to
convection and reradiation that are given by Hobbs, et al [2]. The:
concluding section will emphasize the need for better measurements of the
thermal properties of the composite. '

2. THE TIME EVOLUTION MESH

We describe the structure cf the a pu!sed 1rradiation by three time
periods tl the 1ength of an 1naividual laser pulse; t., the time
between pulses and ;,, the length of time the coce is allowed te run at
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the end of the irraciation. Thus the total time simulated by the code is

ten (t*t,)) +t, S
where np is the number of pulses. Typically, an expefimentai run will
consist of 100 pulses at 100 pps, with 1C us pulse 1éngths, for which case
we have t,=10 us, t,=09%0 us, and np=loc. Having set these intervals, '
we break them into Nis Pos and nq subintervals,

t =t

s =ty Tl e Tty . 2

n
sS

so that there are a total of n, time interva]s,'where

e =My (my *np) * g | - (3

The code -is most unstable, numerically, at the beginning of a pulse--the
thermal gragients are largest then and the Gifficulties associated with the
abrupt changes in the composite's thermal properties [1] are worst.
Conseguently, the code requires small time intervals at the beginning of a
pulse. Later, after the heat has flowed into the interior of the composite
and after the iemperature has risen above the region (2C0-5CC°C) where the
thermal properties are changing rapidly, larger time. intervals can be used.
We satisfiy the reouirements by setting the time_stéps for the puTse'period

- as

 expld ay) - exp((i-1) a;) o o
L L R 1 (K TUCR SR (4.

with similar éxpressions for the other time intervals. The values of a,,
3y, and a5 can be set as desired; typical vaIues are al = 0.07,.
a, = C.1C, and g = C.10, in which case, if tlslo us, nI-IGC
2:9 9. ms, and n2,1oo the first time step is 0.€6 ns long, the 1CGth
is 0.68 us, the 10lst is 48 ns, and the 2C0th is 0.95 ms. "The form (4) is
flexible, allowing great cisparity fn .the time steps. as above, and ailowing
ecual steps as tre a; go to zero.
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In the course of its calculations, if the coce runs into numerical
difficulty during a particular time step, such as the non-convergence of cne
of the iteration procecures, then the size of that time step is halved and.
~ the procedure restarted. Cnce the whole time step has been workec through,
the program reverts to the original time step sequence.v This self adjusting
feature makes. the code more flexible, so that larger and more efficient time
steps can be used most of the time;'shorter time steps are used only when

necessary.

3. THE MESH FGR PZNETRATICN CEPTH

When a several megawatt irradiation first impinges on the composite
material, thermal gradients of the order of 107-108'C/cm are seen. In
-order that the calculated temperatures not vary too much from gird point to
aajacent gird noint, it is necessary that the mesh be guite fine near the
surface. To accomplish this we again use the expcnential form -

=G
*o
x5 =L [exp(i b) - 1)/ (exp(n b) - 1] , 1=1, """m : (s
‘ where‘L is the thickness of the material and L is the initial number of
mesh points. Typically, we use a value of b=C.035, so that for a thickness
of C.256 cm the first grid slab has a thickness of 4X10’8 c¢m and the final
» slao a thvftne 3 of °A10 :

4. NEW ITERATI®Y NETHOD DURING AGLATICH

"~ The eg suaticns governing the response of the composite change once the
front surface of the composite reaches the ablation temperature.- The.
ecuation [1] relating the surface temperatures and the recess1on ve1ocity is
Eq. (G15), which we reproduce here

.
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le + le+1 - sz - T2j‘"l =

 rre 12 2 L, E9 =T
= Cp (22, k° - o C) k V257 - G (dk/aT) 2,1 k™™ (6
Ge = G- oWV | (7

where ¢ is the absorbed power flux less the surface losses. (The second

Ce factor in Eq. (6) was inadvertent1y‘1éft out of Eq. (15) of Ref. (1).)

- Griffis, Masumura and Chang set the front surface temperature during
ablation to be

T]j = T1j+1 = Ts . . . ‘ (8

They then solve the coupled equations for the new set of temperatures
[Tij+1’ i=2,...,n ], and then use Eq. (G1E) (with Ty = Tijer =
TS) to determine Y . They then iterate using the new Vo and T, ij+1

values. This process is repeated until successive values of V are within
2 percent of each other. '

When 1 attempted to use their iterétion schieme with higher fluences
(2 MH/cmz), the code became unstable, so I created a’modifjed interation
method based on the same equations. Instead of Eq. Aa), I used Eq. (7) as
one of the}hm equations Tinking the temperatures at the n grid points. -

The procedure is started by guessing at a value for Vm. After the new set.

of temperatures [T1 io10. 151,2,..0,n ] 1s calculated, [the surface
tenperature T1j+1 1s checked tc see 1f it fs within 3 prescribed
neighborhood of T .. If sn, the calculation for that|time step is
finished.  If ndt. the new temperatures are scaled | :

= (T /T

T34 1J+1) Tiger | (o

and a new guess is made as to the value of vm. This procedufe is repeated

until a given ¥ yiel,s TIJ‘I within the prescribed Weighborhood’c?,Ts.
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5. HMEW METHCD FGR REPKESENTING THERMAL FRCPERTIES

The therma} properties we use in these calculations are those given in
Merousek and Monin [3]. The density, specific heat, ané thermal
conductivity are represented by a series of ramp and step functions; the low
energy portions of these properties are picturec in the following figures.

Figure 1 depicts the Menousek and Monin chafacterization of the specific
heat of the graphite epoxy as it is heated from G°C to S0C°C. The 'large
cthanges in the specific heat between 340°C and 510°C reflect the chemica]
changes that the epoxy undergoes between these temperatures. What remains
above 51G°C are the graphite fibers and,'presumably, some residue of the
pyrolyzed epoxy. Aithouéh it is not completely shown in Figure 1, ‘there is

.a gentle rise of the specific heat between 510°C and 3316°C where the
'graphite fibers and epoxy residue sublimate. We have used the Henousek and

Monin values for the specific heat, with one modification. Gnce the
composite has been heated above 51C°C the epoxy is permanently lost, so
thereafter the specific heat is represented by the line from 510°C to 3316°C
extended down to G°C; the extension is shown by the large-dash curve in

Fig. (1). Also showﬁ in this figure is the characterization used by GMC,
which consists of the Menousek and Monin curves with the steeper ramps
replaced by gentler ones. We will discuss this poiﬁt further after
displaying the other properties. ' C

Figure 2 shows the Menousek and onin version of the density up to

 90C°C; 1t s constant above £10°C. We again use their version upon first

heating the composite. OUnce the. mater1a1 has been. heated above 51C°C we.
assume a constant value of the density of 1.084 g/cm . The slightly
modified GMC version for the density is also shown in the figure. The same

- discussion. applies to F1gure 3, showing the thermal conductivity, with one
“exception. The Menousek and Monin curve is a straight line dropping from a

value of 1,452 W/cm*C at 10°C to a value 0.173 W/cm'C at £38°C, after which
it is constant at that value. For convenience, we shifted the position at
which the curve turns from 528 °C to 51C°C, the same temperature at which the

~ cther properties break. Given the uncertafnties with which these properties

are.known t3]; this seems a negligible change. All of the properties that
_ , : , : . .
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I ] L { I T 1 i
6 ———CURRENT STUDY (FROM Ref. 3) .

e = CURRENT STUDY (PYROLYZED SAMPLE)
———GRIFFIS, MASUMURA & CHANG

5 _ 'r\r‘ , -

-—— -
—— G ——

SPECIFIC HEAT [J/g°C]

ol NN RN S R T B |
| 200 400 - 600 800
TEMPERATURE [°C]

Fig. 1 -- Specific Heat of the graphite epoxy. Shown is the original
Menousek and Monin version, which is used in the current study, and the
slightly modified version used by GMC. Also shown is the form used in this
- study when the sample has been heated enough to pyrolyze the epoxy.
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have been presented graphically in this section are given'in tabular form in

Appendix A.

I | I | I ] 1 {
1.5 n -
\
‘,,'_' .
5 \
2 1.0} -
>
=
192) .
& _ CURRENT STUDY (FROM Ref. 3) -
-— — CURKENT STUDY (PYROLYZED SAMPLE)
05l  ~~—— GRIFFIS, MASUMURA & CHANG |
L1 Ll TR T R
0 200 400 600 - 800
~ TEMPERATURE [°C]

Fig. 2 -- The density of the graphite epoxy. Shown is the original Menousek
and Monin version, which is used in the current study, and thz2 slightly
modified version used by GMC. Alse shown is the form used in this study
when the sample has been heated enough to pyrolyze the epoxy.
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THERMAL CONDUCTIVITY {W/cm°C]

CURRENT STUDY
" e = CURRENT STUDY (PYROLYZED SAMPLE)
— ——— GRIFFIS, MASUMURA & CHANG

0015k  —-—-—MENOUSEK & MONIN (Ref. 3} i

0.01

p
&
(3]

I | I [ ] |
200 00 600 800
TEMPERATURE [°C].

Fig. 3 -« The thermal conductivity of the graphite epoxy. Shown is the
version used in this study and the version used by GMC, both of which are
slightly modified forms of the original Menousek and NMonin versfon. Also
shown is the form used in this study when the sample has been heated enough
to. pyro'lyze the epoxy. ,




We conclude this section on thermai properties by deséribﬁng an improvec-
method of utilizing these properties within the code. 7The original GMC code
supplies tnermal properties in the following manner aufing a given time
interval: For each grid step of the spatial courdinate, tnErefis an initial
temperature Tj and an estimated final temperature T2. The'GECpcodel
averages these two teiperatures and then supplies the thermal properties
corresponding to the average temperature by interpolatfng in Table A3. A
more accurate method of supplying the thermal properties is to provide the
average thermal pfopertie; over the temperature range Tj to Té. ‘As an

‘example, we will use '

K ‘T—'T'1 T2 dT k(s) ' l‘ (10
= 1- - ' ' ) .

rather than using ‘the thermal conduct1v1ty at tee average temperatUre
(T Tz)/z.

Because T2 varies with each iteration, if one of the tenperatures 1ies,
near one of the snarper boundaries shown in Figures 1-3, then minor shifts
in the temperature can make significant shifts 'n the reported thermal
properties. This effect tends to destablize th. convergence of the .
iteration proceaure.

In Figure & we show an example of the benef1t of the improved method
the specific teat is plotted as a function of T2 wh11e Tj is fixed at
4¢G°C. In this examp]e,‘there is as much as a ten percent error in C at
TZ--BO C (T +Tj)/2 = 510°C). (Even larger errors occur in thi's o
example when T =560°C, but usually the time steps are pfckec so that this
large a change in temparature would not arise ) In the same vein, the
derivative of the diffusivity, which appears 1n kq. (6), has‘discontinuities
‘as one crosses some of the boundary. points. The GMC method of supplying the
average value of this cuantity also yields discontinuities. -These
discontinuitfes can lead to minor instablities in the iteration process,
requiring a greater number of iterations and produring less accuracy in the '
final results. The new method described in this section provides a smoother
and a more realistic averaging process. B

- 10
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———— CURRENT STUDY
—— — GRIFFIS, MASUMURA & CHANG
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Fig. 4 --" An example of the speCific Feat as supplied by the current study
and by GMC. The text above describes the difference between the two methods.
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€. SINPLE REAT CAFACITY TEST
If the specific heat anc density of this mocel material were constant
(Z_ and :, respectively), then the time that is neeaed to ccmpletely durn

P
through a sample of thickness d wculg be

as | f; 3T+ k) ’
te =z QC'CL | . (11

where ( is the power of the incoming radiation in W cm'z, a is the
absorpticn coefficient, CL represents the surface losses, aT is the
temperature rise from ambient to sublimation of the graphxte. and P i

the heat of sublimation of the graphite fibers and epcxy residue. -

The average velocity cf recession is

r,ave

‘and the maximum velocfty of recession is

Ve gax " (aC - CL) /e Hs s o , (13

which is the valye reached just befcré burnthrough.

" In Figure S'ue sth'the surface recession velocity as g function of the
time of {rradfation for the following conaitions:

d = C.254 cm

C=2.2 ki

. a = 0.92 ‘ ‘

o H = 1.084 g/cnalx 43 kJ/g = ¢6.6 Ko /eme
¢q *0 | |

Ymach =C.

vThése last twn concitions (the variables are ciscussed in Ref. (1) and

Ref. (2)) have the effect that there are no reradiative or convective losses
at the surface. - The other cuantity needea is the total enﬁrgy recuired to '

heat the sample to the suolimation temperature of the graphite fibers
12 L
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Fig; £ -- Recession velocity vs, frradiation time for a C.25¢ cm thick
sample irracfated by 2.2 kW cm=¢, (Cetafls of the 'calculation sopear in
the text above.) ,
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(T = 3.16 C). This cuantity is calculated in Appencix B; it is

"8.. kc,cm Upon substituting these values into the expressicns for

recessional velcity and burnthrough time, we find

v = C.C3€68 cm/sec
'r,max = (C.C434 cm/sec
tB t 3 SOSLC SQCq

To within a millisecond, the code estimates the burntirough time to be

" 6.900 sec; the details of the burnthrough process can be seen in Figure 5.

7. COMPARISCN WITH THE GRIFFIS, MASUMURA, ANC CHAKG CAiCULATIGN
. The conditions for the GMC calculation with which we compare are"

. G.254 cm
2.79 kN/cm?
a = 0.92

6.92

0.3 .-

LY a
(]

For this case we find

v = 00306 cm/s

r,ave

'r.nax . 0.0361 cm/s;

| - these values are approximate because we used the T«3316°C values of the

surfaces losses to estimate the energy absorbed. During the heating process
these losses would be somewhat lower.

Figure 6 can be compared with Figure 8 of QMC. ‘There 1s no substantial
difference between the two calcblations. The times for the onset of
ablation differ by several tenths of milliseconds. but that is due to the

{mproved thermal properties routine, discussed earlier. 'When I use the GMC
routine, I get their value for the onset of ablation.

- 14




RECESSION VELOCITY [cm/s)

| 1 1 |

0.01° 0.02 0.03 0.04 0.05
| L L L1 1 11 1
0 1 2 3 4 5 6 7 8
TIME [s] -

" Fig. 6 -- A 2.75 ki/cm@ Cw irradiation for comparison'with the equivalent
calculation of Criffis, Masumura and Chang (See the text above for details
of the irradiation. ) . ' ' '
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8. SAMPLE CALCULATICN FCR A REPETITIVELY-PULSED IRRAGIATICM

For the high fluxes that can occur during pulsed irradiations, a plasma
can form at the surface of the target material. Once it forms, it absorbs
much of the incoming laser radiation and reradiates it over a broad range of
waveTengths. We will assume for this mocel calculation that half of the
reradiated energy is absorbea by the graphite epoxy. Figurev7 is a Tog-log
plot of the front surface temperature of the sample as a function of the
time from the beginning of each pulse; the results for the first two pulses
are shown. Note the rapidity (less than C.1 us) with which the surface
reaches the carbon fiber ablation temperathre.

104 S , SECOND PULSE—

ABLATION

/4

FRONT SURFACE TEMPERATURE log °C|

10. S "‘1- ] L I I ! e
- ps : ns b us ' ms
' TIME FROM START OF PULSE [log seconds]

Fig. 7 -- Front surface temperature during a- repetitively-pulsed frradiation.'

(See the text above for details of the irradiation.)
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Figure 8 ;hows the distribution of the remaining energy just before the
start of thie next puise. Figure S is a graph of the recessional velocity as
a function of time during the first twe 13 s pulses. We see that the
surface recession rate essentially'comes to equilibrium during the first
-4 us of each pulse. |

The model parameters used in this calcu1at1on are

"d=0.1cm
G = 1.5 NW/cm®
t 3 0050
:m t 3 0'92 '
Vmach = 0-3
T T T T T ] T

SECOND PULSE

TEMPERATURE [°C]
8

FIRST PULSE

20 =
S T T I b 0
0.01 - 0.02 o 0.03
DEPTH [cm]

Fig. & -- Residual heating: temperature versus depth just before the onset of
v the next pulse.
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FIRST PULSE

10

RECESSION VELOCITY [cm/s]

L L | R S

15 | /—SECOND PULSE

|

. “ e e e e

2 4 6 8 10 12 14

TIME [us]

Fig. 9 .- Recession velocity vs. irradiation time for the samp1e

repetitively~pulsed 1rra01aion
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&

pulse lergth
repetition rate

13 us
16C p/s .

There is another interesting feature 6f'these pulsed irradiations. For
our samb]e two-pulse irradiation, 19.48‘J/_cm2 were absorbed in the
composite (=C.02 J/cm2 represent the surface 1¢sses). At the end of the
two pulses, 3.42X10'4 cm of the composite had ablated. This required
54.9 kd/em® X 2.42X167% cm - 18.75 J/em®.  Thus 96 per cent of the

absorbed energy went to heat and ablate the composite, and only 4 per cent -

remained in the material. This, at first, surprising result is due to the
high incident fluences and the low conductivity of the composite; the
surface heats up and ablates much faster than heat can flow into the
interior of the material.

S. CCMPARISON WITH EXPERIMENTAL REPETITIVELY-PULSED IRRABIATIONS

Much of the data from experimental repetitive]y-pulsed irradiations is
classified, but we can use some of the data of Cozzens and Echols [4]. The
parameters for the calculation are '

0.2cm
G'= 625 kN/cm®
‘a = 0.92 '
oty ® 0.92
lvmach = 0.3 .
pulse length = 13 us.
repetition rate = 1CC p/s
number of pulses = 1CC 4

At this 1rrad1énce. we are below thé'p1asmé'threshofd; s0 we choose the
absorption coefficient to be a=0.52; this is the same value used by GMC.

Figures (10)-(12) showlthe-temperatures at the front surface, 8th ply
and 15th ply, respectively, for this 16 ply sample. Shown are the
~calculated values and the experimental values from Reference 4. The front
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surface tewperarures (Fig. (10)) were measured radiometrically; the other
two were measuied with thermocouples. The measured front surface '
temperatures, which were‘samp1ed just before the onset of the next pulée,
are considerably higner than the calculatec values. They are, in fact, off
scale on Fig. (1C). There is, I think, a simple explanation for this. The
code assumes uniform material at the surface, which is slowly eroded by the
‘radiation. In practice, there wi]]_be wisps of graphite fibers sticking
cdt that are not in goad-thehma] contact with the body of the material.
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"Fig. 10 -~ Calculated front zurface temperature for a ICO’pulse ‘rradiation.
(See the text above for details of the irradiation.’
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They will retain their heat and continue glowing much longer than if they
were in good thermal contact with the bulk material. Consequently, I think
the radiometer was picking up the temperature of g]ow1ng fxbers, not the
temperature of the bulk surface.

‘ The' temperatures as measured at the 8th and 15th plie, are also
considerably higher than the calculated values. The simﬁlest epranation'
for this is that the conductivity used in the calculation is too low. To
test this conjecture I arbitrarily inckeased the low temperature
conductivity by doubling the values at 10°C and 343°C. (The values 1.452
and 0.606 in the last column of Table Al were doubled.) The resulting
temperature curvesAa}e also shown on Fig. (11) and Fig. (12). We see that
there is an improvement in the fit, but given the arbitrary way in which the
conduct1v1ty was changed, we should take these resu]ts only as an
indicator.
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Fig. 11 -- Comparison of calculated vs. measured temperature at the 8th ply
for a 1C0 pulse 1rrad1at10n. (See the text above for details of the = .
- irradiation.)
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for a. 1GC pulse irradiation.
irradiation.)

" TIME [s].
Fig. 12 -- Compar1son of calculated vs. measured temperature at the 15th ply
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(See the text above for details of the’

The discrepancy between the célculated and experimental values is

actually worse than pictuéed, for two reasons.
account is takan of radial heat flow.

In these calculations, no
.The experimental irradiation involves

a finite sized spot; the temperature rise behind that spot will be less than

" the calculation for an infinite spot size would indicate.

Additionally, the

saﬁple‘in Ref. 4 had a protective coating, which reduced the heat absorbed

' 1nto the material for several- tenths of seconds.
the measured temperatures relative to the calculated values.

These effects each lower

in other

. words, all of the systematic errors tend to raise the calculated values of

sssss

interior temperatures, whereas we find them to be lower than the’ neasured

values.




The most likely explanation for this discrepancy is that there are
errors in the measured (estimated) [3] values for the specific heat and
conductivity. Chris Griffis points out [E] that the iarge peak in the L
specific heat curve is an attempt to simulate the chemistry of the el T

®
pyrolyzing epoxy. While this approach may work reasonably well at Tow p:;{
fluences and relatively long time-scales, it may not on the short .fff}
time-scales assotiated with repetitively-pulsed irracdiations. ;;fo
) | . e
In any case, further comparisons of calculation and experiment,'
including any extension of the analysis presented here, musiL await & second,
classified, report [6]. '
e
ACKNCWLEDGMENTS
I would 1ike to thank Chris Griffis for giving me a ccpy of the Griffis, ‘,o -
“Masumura and Chang code, and all of those authors for discussing the _—
thermal properties of ccmposites with me. Thanks are also due to Cob ;fgg
Cozzens and Bill Echols for giving me their pulsed irradiation data. ”},j
: o

23




-

REFERENCES

1.

4.
5‘
6.

c. A.ICriffis, R. A. Masumura, and C. I. Chang, "The Response of
Graphite Epoxy Composite Subjected to Rapid Feat1ng," NRL Memorandum
Report 447G, Naval nesearch Laboratory, (hash1ngton, L. C.), March 1981,
(AD-A096 898) '

N. P. Kobbs, T. A. Dalton, and R. F. Smiley, "TRAP2-A Digital Computer
Program for Calculating the Response of Mechanically Loaded Structures
to Laser Irradiation," KA TR-143, Kaman Avidyne (Burlington, Mass.)

June 30, 1978. (AD-B076 386) |

J. F. Menousek and b. L. Monin, “"Laser Thermal Modeling of Graphite
Epoxy,“ NWC Technical Memorandum Report 3834, Navallweapons'Center '

“(China Lake, California) June 1979. (AD-D108 417L)

R. F. Cozzens and W. H. Echo]s, private communicatior.

C. A. Griffis, private communication.

G. P. Mueller, "“Comparison of the Ca1culated and Measured Thermal
Response of Graphite Epoxy Composite to Repetitively-Pulsed Laser
Irradiation,” NRL Memorandum Report, to be published.

24




LI

."u"." ':’.n:
« .

h.m,_...
SRONISE WA~ Iy
. Loty Tt e e * '
,

AFFERCIX A: THERMAL PRGPERTIES CF THE GRAPRITE EPCXY CCMPCSITE

1. Thermal Froperties of Virgin Material
With one minor mocification, we use the liencusek ang onin [2] therma!
properties of the graphite epoxy composite.

Table AL |
Thermal Properties of Graphite Epoxy Composite
(Taken from Menousek and Monin [3])
[NOTE: The Menousek and Monin version of the conductxvity
runs from 1.384 4W/cm"C at 38°C to 0.172 W/cm'C at £38°C]

TEMPERATURE DENSITY . SPECIFIC HEAT  CONDLCTIVITY

(°c) - (g/cm®)  (a/g°C) * (w/em'C)

10 1.506 1.2 0.C1452

3427 1.5C€ 2.093 ¢.Ce6CC

343" . 1.5C6 5.024 C.CC6C0

5100 1.5¢6  4.899 €.G0172
516" 1.084 - 1.591 C.C0173 |

316 1084 2.512 0.cC173

In orcer to improve the numerical stability of their code, CMC modified
the Menousek and ltionin properties as listed in Table AZ.

2. Thermal Properties of Themally Cyclea Material
The large changes in the thermal properties between 300 C and 5C0°C are

due the chemical reactions in and the final sublimation of the epoxy. - Above

5§19°C we assume that only the graphite fibers and soam: residue of the epoxy
remain. Consequent]y, when a portion of the materfal that was heated above
510°C cools, fts thermal properties are different due to the loss of the
epoxy. Table A3 1ists the properties for this case. Any portion that has
not reached 510°C s assumed to rgtaih all of its epcxy and to still have
the properties of the virgin composite. 'Thé$e properties are the same
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whether one starts with the crigiral Yenousek anc Mcnin prcperties, my
modificaticn cf them, or the GMC mecdification.

. Table A2
Thermal Froperties of Graphite Epoxy Composite
(As usea by Griffis, Masumura, ana Chang) .

TEMPERATURE DENSITY  SPECIFIC WEAT  CONDLCTIVITY
(°c) (g/cm’) (3/g°C)  (WjemC)
10 ' 1.506 1.254 . 0.01384
329 o 1.5C6 2.056 C.0C651
257 ~.1.5C6 . 5807 C.cCes7
496 L6 &.fc2 ' C.C0269
524 1.08¢ S 1.£92 €.CC228
£66 1.08¢ - 1.607 © 0.0Cz(6
621 1.084 . 1.625 . C.CC187
704 1.c84 . 1.652 ~ C.CC179
816  1.084 T 1.689 - 6.6C173
316 1.8  2.58 - G.CC173
Table A3

Thermal Properties of Graphite proy
That Has Been Heated above £1C°C

TEMPERATURE  DENSITY - SPECIFIC KEAT - CONOUCTIVITY

¢y (g/em) (9/g°C)- - (W/em®C)
10 1.84 1427 0.00173
3216 186 2506 . £.0C173




APPENCIX B: -CLMULATIVE REAT CAPACITY

. In order to calculate the average recession velocity, we neec to know :
: ‘ the erergy recuired to heat the graphite epoxy from ambient (20°C) to the
. sublimation temperature of the graphite (3316'C), _Within each region for
: which the density and specfic heat vary linearly, the cumu]atiye heat -

- capacity is

; | /TZ | |

i DTy ) =y, 4T a(M g (E1
‘ .

Table B1 gives the value of D for each region as well as the cumulative
value from ambient to sublimation.

Table B1
Cumulative heat Capacity of Graohite Epxoy
(Based on the Properties in Table Al)

INTERVAL ‘ CUMULATIVE
TEMPERATURE' hEAT CAPACITY . HEAT CAPACITY
oT,T ) 0(T,,26°C)
o el . (e
20 . 0 - 0
343 821 | 821
510 1248 | 2069
3316 624 - 8309

The ecuivalent value for the material after it has been heated above 510° C
is D(3316 c.cc C)-7c37 J/cm .
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. When one uses the CMC version of the thermal properties, one obtains the

following values for the cumulative heat capacity.

Table B2
Cumulative hHeat Capacity of CGraphite Epxoy
(Based on the Thermal Properties in Table AZ)

INTERVAL CUMGLATIVE

- 1 ‘ '.0.'.-,'.1,',.’_'_.'."5"l___.l'.v R

TEMPERATURE ‘EEAT CAPACITY HEAT CAPACITY
D(T,.T, ;) B(T,,207C)
(°c) (3/cmd) | (3/em’)
20 G | o
329 77C _ . 770
57 149 619
496 1037 . 19t
524 - 120 2076
£66 73 _ 249
€21 56 , 2245
704 147 - 2392
816 203 ' ' ,'2595 -
3316 - 5688 ' 8283
28




