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Momentum Transfer to a Surface
with a Pulsed Laser
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Introduction

HE phenomenology of laser material interaction has been

of interest for many years and the momentum transfer to
a surface by a laser beam has been reported by many in-
vestigators.'* This Note will examine the transient
momentum transfer in vacuum in the ‘‘transparent’’ limit,
where the laser intensity is below the threshold for plasma
formation. In vacuum, particulates may come directly from
the surface as a result of laser energy deposition and cause
vapor breakdown, a complex phenomenon. Schlier, et al.’
has reported thresholds of order 106 W/cm? for large 20u
particles for laser pulse width~10"° sec. Here we will
consider intensities below this level. Previous studies were
concerned primarily with high intensity laser beams. ' In this
regime, when solids are irradiated either in vacuum or at-
mospheric conditions, plasma is formed above the surface
and may degrade the efficiency of momentum transfer to the
solid.,

A. Transient Heat Conduction

A one-dimensional transient heat conduction problem has
been formulated for carbon phenolic, and the governing
equation can be written as

aT a’T . aT .

pcpa =K&5+(Cp)gmg& +QgWg (1)
where p is the density of solid; C, is the specific heat of solid;
T is the temperature; ¢ is the time, (C,), is the specific heat of
pyrolyzed (resin) gas; 1, is the mass flux of pyrolyzed gas;
Q, is the enthalpy of pyrolysis per unit mass of gas generated;
W, is the rate of gas generation per unit volume; and x is the
axial coordinate. The last two terms represent the energy
transfer due to internal gasification (pyrolysis). Equation (1)
has been solved by an explicit forward-marching technique in
finite difference form with the initial condition T (x,f=0)=
T, (x) and the boundary conditions for >0
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where m1 is the vaporization rate at the surface; AH is the heat
of vaporization (=2.6 X 10°Kj/Kg)%; ¢ is the emissivity; o is
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the Stefan-Boltzmann constant; and 7, is the laser flux. The
pyrolysis reaction rate can be expressed as®

W,=Ap?exp ( — (E/RT))

where A is a constant; p, is the resin density; E is the ac-
tivation energy of pyrolysis; and R is the gas constant. The
resin density is given by

4
Pr =pr0 - SO ngy
and gaseous mass loss due to pyrolysis
L
m, = SO w,dy

where L is the wall thickness. Finally the recession rate is
expressed in an empirical form

m=BIP(Ts)BzeXp (*63/Ts)

where 3’s are constants and 7 is the surface temperature. The
constants, 8’s, are function of material properties. For simple
ablators, i.e., Teflon, whose decomposition kinetic are
known, analytical expressions for 8’s can be obtained.’
However, for the complex carbon phenolic ablator, the
empirical constants from Ref. 6 will be used.

In formulating this model, we have made several assump-
tions. Firstly, the laser energy is assumed to be in-
stantaneously absorbed at the surface. This implies that the
absorption length in the solid is small compared with the
thermal depth for the duration of interest. Secondly, when the
phenolic resin decomposes at an elevated temperature which is
below the sublimation temperature of carbon, the phenolic
gas is assumed to be able to escape through the porous carbon
char.

Now Eq. (1) can be solved with the appropriate initial and
boundary conditions to provide complete temperature
profiles in the solid and the surface recession rates. In the
following calculations, the thermodynamic properties of
carbon phenolic are taken from Ref. 6. The spectral emissivity
of phenolic graphite which has been measured by Chang?
varies from 0.87 in the visible spectrum to 0.62 in the in-
frared. However, as shown by Whitson,” the emissivity
depends also on the type of graphite and its surface con-
ditions. Here the emissivity of carbon phenolic is taken to be
0.81, and the initial temperature, T, has been assumed to be
300K. :

B. Coupling Coefficient

The calculation of impulse delivered per unit of incident
energy, i.e., the ‘‘coupling coefficient,”” requires some
knowledge of the phenomena above the solid surface. When
the ambient pressure is either small or nonexisting we can
assume that the gas at the surface has a Maxwellian velocity
distribution. Then the mass flux per unit area leaving the
surface can be readily expressed as a function of vapor
pressure and temperature. '° In the vacuum limit, 7, = T, and
the vapor pressure can be obtained as p,=m(2aRT,) “.
Once the vapor pressure is known, one can now calculate the
instantaneous coupling coefficient C=p,/I and the integrated
coupling coefficient

! I
C = SO pvdt/so [t

The definition of C, is appropriate for comparison with
experimental measurements of the net impulse delivered per
unit of incident energy. For a sufficiently long laser pulse, the
coupling coefficient will rise from zero at the beginning of the
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pulse and will asymptotically approach the steady-state
(constant) value from below. Hence there is no need to
continue the calculation once the rate of change of coupling
coefficient is smaller than some arbitrarily chosen reference
value. Here, the cut-off time, ¢*, is defined when

3 C/3 tat=0.03

For intensities of 106, 10°, and 10* W/cm?, one gets t*
=42%10"% 3x1072, and 2 sec respectively. We have
plotted the coupling coefficients for carbon phenolic as a
function of normalized time in Fig. 1. The calculation for a
laser intensity of 10° W/cm? was not completed because t*
was estimated to be 160 sec. The calculations were terminated
and the dotted line is an estimate of the steady-state value.
The difference between the instantaneous coupling coefficient
C and the integrated coupling coefficient C,; is due to the
transient enthalpy required to raise the temperature of the
material at T, to the vaporization temperature. This initial
“investment’’ transient energy becomes a smaller portion of
the total energy with increasing time. Hence C, is observed to
asymptotically approach the instantaneous value. As shown
in Fig. 1, the steady-state values of the coupling coefficient
for carbon phenolic ranges from 12.8 to 15.8 dyne-sec/joule
for laser intensity of 10* to 106 w/cm?.

*C. Short Pulses Effects

In the previous calculations CW operation has been im-
plied. The impulse due to multiple laser pulses of varying duty
cycle is also of interest. For simplicity, we will consider only
one laser intensity of 10 W/cm? and illustrate the effects of
multiple pulses with four pulses. As shown in Fig. 2, the
surface temperature history of four 20 usec pulses with
spacing of 20 usec has the expected fast rise and slow decay
behavior. For the four 20 usec pulses, the total impulse per
unit area, I, decreases with increasing spacing, 7,, Fig. 3, and
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it drops from 810 dyne-sec/cm? at 7, =0 to 722 dyne-sec/cm?
at 7,=100 psec. The asymptote which is defined as the
limiting value as 7, goes to infinity is 574 dyne-sec/cm?. -
Hence, the effects of repetitive pulses are significant at 7,
=100 psec. Finally, the effects of pulse width, 7, are shown -
in Fig. 4. The total impulse per unit area, I,,, for four pulses is
plotted against the pulse width 7. The top curve is the zero
spacing value while the bottom curve represents the asymptote
for given 7,. It can be observed that I, increases with in-
creasing 7,,.

D. Results and Discussion

An interesting comparison may be made between CW and
pulsed momentum transfer. Consider a laser beam which
delivers four 20 usec pulses with 100 usec spacing at an in-
tensity of 106 w/cm? to a carbon phenolic surface. From Fig.
3, one gets the total impulse per unit area impacted to the
surface to be 720 dyne-sec/cm?2. Let’s compare this result to
that of CW radiation for the same amount of total energy and
time. The average intensity over the same time period, i.e.,
380 psec, is about 2.1 x10° w/cm?2. With this intensity, one
gets t*=10"2 sec, Fig. 2, and hence #/¢*=3.8 x 10 2. The
corresponding coupling coefficient for 7=2.1x10°> W/cm?
and t/t* =3.8% 102, from Fig. 1, is C=7.1. Finally, we can
calculate the total impulse per unit area, and it becomes
1, =CIT=567 dyne-sec/cm?. It is interesting to note that in
this particular example the total impulse delivered for a given
amount of energy is 27 % greater in the pulsed mode.
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Base Pressure on Sharp and
Blunt Conical Bodies at
Supersonic Speeds
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Nomenclature
B =nose bluntness ratio, d, /dp
dg  =cone base diameter
d, =conenose diameter

Mg =blunt cone surface Mach number just ahead of the
base, inviscid .

M. =effective Mach number of flow into base region, Eq.
()

Mg =sharp cone surface Mach number, inviscid

M, =freestream Mach number

M =effective Mach number, M., isentropically expanded
through cone semiangle (back to parallel)

Py =cone base pressure

P, =cone surface pressure just ahead of the base

P, =freestream pressure

P/ =cone surface pressure, P., isentropically expanded °
through cone semiangle (back to parallel)

0. =cone semiangle, deg
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Introduction

HE base drag of a conical body in supersonic flight

represents a large fraction of the total vehicle drag.
Twenty to sixty percent of the total drag can be associated
with the base flow dependent on cone geometry, Mach
number, and Reynolds number. Since the base drag fraction is
so large and the difference between the base and freestream
pressures can be small, a very precise assessment of base
pressure is required if an accurate measurement of total drag
is sought. With regard to wind tunnel testing, the test
Reynolds number, sting geometry, and bow shock wave
reflection from the tunnel wall must be carefully controlled to
obtain the required accuracy.

A recent study at AEDC has produced a simple, but very
accurate, correlation of the cone base pressure in fully tur-
bulent flow at Mach numbers of 1.5 to 8. The fully turbulent
base pressure data used in the correlation have been obtained
in the supersonic tunnels at AEDC over the past two decades.
The correlation is presented to permit an accurate prediction
of supersonic base drag which can then be coupled with an
analytically or experimentally determined forebody drag to
predict total drag.

Correlation

Several early investigators ' detected that the base pressure
on various bodies could be correlated by using the local flow
condition just ahead of the base as the nondimensionalizing
term. Whitfield and Potter?® found that the base pressure in a
sharp cone flowfield yielded an acceptable correlation curve
by using the local cone static pressure, p., and local cone
Mach number isentropically expanded through the cone
semiangle (back to parallel flow). In addition, the effect of
bluntness on the base pressure could be accounted for if an
“‘effective’’ local Mach number were used in the correlation.
Comparing sharp nose to 0.3 bluntness cone data, a simple
average of the sharp cone surface Mach number and blunt
cone surface Mach number for any given cone angle and
freestream Mach number appeared to be a suitable ‘“‘ef-
fective’” Mach number for the blunt body flow. With more
extensive data since the work of Ref. 3, an improved form of
an effective Mach number for blunt conical bodies has been
established. This effective Mach number takes the form

Mew=Ms— (Ms/3)B(Ms—Mp) 6]

In this expression, the bluntness ratio, B, and freestream
Mach number are seen to weight the effective Mach number
closer to the sharp cone surface value, My, or the blunt cone
surface value, My, than a simple average. Physically, the
expression may be explained with the aid of Fig. 1. Outside of
the entropy layer, the sharp cone and blunt cone flow Mach
numbers are identical for a given freestream condition and
cone angle. Inside the entropy layer, the Mach numbers
digress. The relative thickness of the entropy layer is
dependent on the bluntness ratio and the thickness of the fluid
layer influencing the wake. Hence, the inviscid surface Mach
number My is not, in itself, representative of the properties of
the total fluid layer which influence the wake for a blunt body
and must be weighted with the other region flow. However, it
can be shown that the variation in static pressure through this
layer is small, such that the cone (either sharp or blunt)
surface pressure is an adequate parameter. The inviscid cone
surface properties used in Eq. (1) are obtained from existing
computer flowfield solutions or table lookup.

This semiempirical technique has been found to correlate
an extensive collection of AEDC/VKF turbulent base
pressure data between Mach 2 and 8 for cone semiangles from
6 to 14 deg and bluntness ratios from sharp up to 0.7. In
essence, the base pressure achieved on a conical body for fully
turbulent flow is directly related to a weighted Mach number
and the local surface pressure in the layer of fluid just ahead
of the base when expanded back to the parallel. Base pressure



