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airfoil (A=SPL_ pinnest~SPL hicker) increases linearly with
frequency and also with increasing thickness.

The theoretical spectra at 8, =90 deg for a thin airfoil,
which accounts for compressibility! are also shown in Fig. 2a
as solid curves. According to the theory, frequencies to the
right of the X on the curves are where compressible effects are
important. The wiggles in the theoretical spectrum at very
high frequency are due to the Fresnal integral term in the
compressible theory.

The theory and data for the thin airfoil are in excellent
agreement over the whole spectrum, including the wiggles.
Only the absolute level of the set of theoretical spectra was
adjusted for the best overall agreement to the data; all other
inputs to the theory (summarized in Ref. 8) were as measured
(i.e., transverse turbulence scale length, ¢,; peak impingement
velocity, V;,; chord length, etc.). -

In previous theoretical comparisons with thin airfoils, 3 the
thinnest airfoil tested was 0.32 ¢m. The results shown in Fig.
2a indicate that the airfoil used in Ref. 8 was thin enough for
thin airfoil theory to apply, except for very high frequencies.
The thinnest airfoil tested in this experiment (0.082 cm) was
impractically thin; indeed, special care was taken, and ad-
ditional experiments were performed to insure that the
thinnest airfoil data were not affected by vibration or
deflection.

The effect of airfoil thickness upon the radiation patterns
of the noise at three frequencies is shown in Fig. 2b for one
velocity, V;,=94 m/s. The highest and lowest frequencies
were selected to avoid large jet noise corrections, while the
middle frequency corresponds to the peak noise of the
spectrum plotted in Fig. 2a. )

The radiation patterns for the lowest and peak noise
frequencies show no sizeable effect of thickness. On the other
hand, the patterns for the highest frequency show a large
effect of thickness; the thinnest airfoil is much noisier than
the thick airfoil.

The theoretical pattern for a thin, small-chord airfoil in
uniform turbulent flow (sin?6;) is put through the data at
each frequency. The agreement is excellent at the low and
peak frequencies, but the agreement is poor at high
frequencies, even for the thinnest airfoil. This discrepancy
with the thin airfoil data is probably due to the transverse
velocity gradient across the airfoil thickness. There is no
theory at this time to account for the effect of velocity
gradients on the radiation pattern from a small airfoil.
Existing theories that account for the effect of velocity
gradients are for jet noise? and for edge noise from infinite
plates. 4 These theories show that there is no effect of velocity
gradients at 6, =90 deg; we took advantage of this fact in the
spectral comparisons made in Fig. 2a.

The radiation pattern for the thick airfoil seems to curl up

at large and small 8;, especially at high frequency. This effect .

is probably due to the ¢‘drag dipole,”” which was shown more

clearly for thick airfoils in the data of Ref. 8. Fluctuating drag .
forces were neglected in the thin airfoil theory that produced’

the sin?0; pattern.

Similar thickness-effect comparisons were also made (not
shown) for the very large chord airfoils shown in Fig. 1. The
agreement between the prediction from compressible-thin
airfoil theory and the spectral data at 90 deg was again ex-
cellent. The effect of thickness on the spectra and radiation
pattern was similar to that shown in Figs. 2a and 2b.

Conclusions

This experiment expanded upon the thickness-effect aspect
of the airfoil experiments performed in Ref. 8. The results
show that the effect of thickness is large and must be ac-
counted for in any fundamental airfoil noise theory that
attempts to describe the noise emitted from real airfoils.
Incident mean velocity gradients and compressibility must
also be taken into account, The effect of thickness increases
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with frequency, with thick airfoils being quieter than thin
ones.
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Introduction

N pulsed, flowing gas lasers, only a small fraction of the

pump energy is converted to laser output. Most of the
energy goes into heat and acoustic waves which, until they
eventually die out, distort the optical medium unacceptably.
The laser pulse rate, which is limited by the acoustic
relaxation time, can be increased by employing sidewall
mufflers to speed up the damping process. In CO, lasers, the
required attenuation can be achieved with reasonable muffler
volumes.! However, the order of magnitude more stringent
density homogeneity needed for excimer lasers necessitates
that very large, costly mufflers be used to meet the required 40
dB attenuation in sound power. 2

For typical cavity dimensions of 0.50-1 m in the flow
direction, most of the acoustic power is concentrated in the
frequencies below a few hundred hertz.3

The effects of the lowest-frequency disturbances can be
eliminated by fixed optical corrections.* The muffler volume
is then driven by the need to attenuate the frequencies from a
few ten to a few hundred hertz, which is the range over which
active attenuation has been demonstrated.

The application of active attenuation’ to the control of
sound in laser ducts is best understood by an eigenmode®
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analysis, because typical experimental data show that about
90% of the acoustic energy generated by the pump pulse is
concentrated in the plane wave mode.” Swinbanks® showed
that four monopole sources placed in the walls of a duct will
generate only the plane wave mode for any frequency up to
the ‘“‘cut-on’’ frequency of the (2,2) mode, which is a few
hundred hertz for a laser duct.

Active attenuators have been demonstrated in ducts with
average noise attenuation as much as 15 dB over the 31.5-200
- Hz interval. %10 The single-frequency attenuations of up to 50
dB also obtained could be useful as a means of suppressing
the standing waves that can build up in lasers. 1!

Application of Active Acoustics to Pulsed Lasers

A conceptual design for the application of an active at-
tenuator to lasers is shown in Fig. 1. Acoustic waves
propagate out of the optical cavity and are reflected back
toward the cavity by the thermal interface of the previous
pulse. The attenuator sources would be located just
dowstream of the cavity, with the system’s detectors slightly
further downstream. Sequential detectors would resolve the
direction of propagation to insure that the system attempts to
attenuate only the weak, residual waves that have been
reflected from the thermal interface and have thus undergone
two passages through the section of duct containing the
passive attenuator.

In order to quantify the potential benefits of active. at-
tenuation, we have calculated the muffler volumes required
for a 40 dB reduction in laser sound power with active at-

tenuators in a system and compared it to the muffler volume

required without active attenuators. The laser cavity was
taken to be 0.5 m in the flow direction, with a duct cross
section of 0.5 X 2.0 m and a gas sound speed of 550 m/s.

The sidewall muffler model used is a series of Helmholtz
resonators, each of a different volume and resonant
frequency, as shown schematically in Fig. 1. The total at-
tenuation of the acoustic wave is given by the ratio of P, , the
acoustic power re-entering the optical cavity to P,,, the
acoustic power radiated out of the cavity. Thus,

e =S;:P2(f)A2(f)K(f)df/ Sffrpzmdf )

out

The acoustic power spectral density, P?(f), of the pressure
waves radiating out of an optical cavity of length L is well
approximated by the Fourier transform of a square wave, 12
S0

P2 (f) ocsine? (wLf/C) 2

where C is the speed of sound. As the pressure wave
propagates past the sidewall muffler in either direction, it
undergoes an attenuation A(f) given by 4 ,(H, A,(N,...,Ax(f),
the product of the individual resonator attenuations, where
A (f) is given by?
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The parameters a, 8, and fy are determined by the laser gas
and the characteristics of the resonator and duct.3 The final
factor K(f) in the integral represents the effects of the active
attenuator. For the baseline case, when active attenuation is
not considered, K(f) is identically equal to one for all
frequencies. The presence of an active attenuator is modeled
by evaluating the integral with K(f) equal to some constant X
over a given range of frequencies. )

~ The upper limit of the integral, f;,, is taken to be suf-
ficiently great (15.2 kHz) that the numerical integral over the
power spectral density function is at least 99% of its
theoretical value. The selected lower limit, f,, (25 Hz),
satisfies the requirement that the corresponding acoustic
wavelength be many multiples of the optical cavity in length.
For a given laser cavity length, gas mixture, and duct area, we
first fix o« and B at reasonable values,® and then pick a
distribution of 25-30 resonant frequencies. This fixes the
volumes of the individual resonators, and thus the total
muffler volume. By a trial and error variation of «, 8, and the
resonant frequencies, the muffler volume needed to achieve
the required 40 dB attenuation is then minimized for a given
active attenuator.

Results and Discussion

The solid curves of Fig. 2 show the combined active at-
tenuator/passive muffler combinations needed to achieve an
attenuation of 40 dB. The curves are labeled by the range of
frequencies actively attenuated. A fourth curve, showing the
performance of a system operating from 25 to 500 Hz, differs
only negligibly from the curve shown for the 25-250 Hz
system. The insignificant further improvement follows
because of the fall-off in acoustic power at the higher
frequencies, and because of the effective attenuation provided
by the passive mufflers at those frequencies. Therefore, as
expected, the biggest payoffs come from improving per-
formance at the low frequencies; however, very narrow active
attenuation performance bands do not lead to great reduc-
tions in the muffler volume, regardless of how strong an
attenuation is provided. Thus, the muffler volume reduction
for the active attenuator operating from 25 to 75 Hz is limited
to about 10%, because much of the acoustic flux lies in the
frequencies between 75 and 125 Hz, a band which requires a
rather bulky muffler. )

The acoustic source performance characteristics required to
implement an active attenuator can be readily estimated for a
1 kKW excimer laser pumped by a 20 kW electron-beam pump.
Typically, 40% of the pump power would be converted to
acoustic waves. However, only about 0.2% of the acoustic
energy will be reflected by the thermal interface back toward
the optical cavity, ? so the power to be attenuated is just 16 W.
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Fig. 2 Performance of active attenuator passive muffler com-
binations.
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The performance curves in Fig. 2 show that the combination
of an 11.3 m? sidewall muffler and an active attenuator
operating in the 25-125 Hz band will provide the required
attenuation. Detailed calculations show that about 20% of the
acoustic energy to be attenuated lies in the 25-125 Hz band;
and the round-trip passage through the sidewall muffler
attenuates that band by a factor of 0.007 to 0.022 W.

Thus, an active attenuator emitting only a few hundredths
of a watt would enable a reduction in the passive muffler
volume of about 35%. Since even a simple piston speaker can
achieve 4% efficiency for narrow frequency ranges, only
about 1 W of power would be required to drive the four
speakers. If the laser were operated at a few atmospheres
pressure, the characteristic acoustic impedance of the laser gas
would increase, with a corresponding improvement in speaker
efficiency. Another possibility for improving speaker ef-
ficiency would be to use an acoustic horn, providing its
presence did not cause an unacceptable perturbatlon in the gas
flow.
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N a recent Note! Wei reobtains the corrected stiffness
matrix given in Refs. 2-5. It is interesting that, by algebraic
manipulations, Wei succeeds in eliminating the Lagrange
multiplier A, from the derivation. In this way the need to
calculate \, is avoided. Unger and Zalmanovich® proposed
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different constraints from those used in Ref. 3. These con-
straints constitute of the requirement that the corrected
measured modes must be orthogonal between themselves and
in addition must also be orthogonal to the unmeasured
modes. In this way, Zalmanovich’ succeeds in obtaining the
necessary Lagrange multipliers and the corrected stiffness
matrix without any additional assumptions.

In Ref. 3 the Lagrange multiplier A\, was obtained by
making the assumption that the matrix )\’MX is symmetric.
In his Note,! Wei makes the remark that thls assumption ““is
not always true in general and is hard to understand from a
physical point of view.”” In what follows, the meaning of the
assumption is given and it is shown that it is a permissible
assumption and therefore true.

The corrected stiffness matrix Y was obtained in Refs. 2-5
by minimization of the weighted Euclidean norm

=V2IIN—1(Y—K)N—1|I ¢y

where
N=M?* ?2)

M is the mass matrix, Y (n X n) the corrected stiffness matrix,
and K (nx n) a given stiffness matrix.

The corrected stiffness matrix ¥ must satisfy the following
constraints 25

YX=MXQ? 3
and
Y=Y! “)

where Q2 (m x m) represents the measured frequencies and X
(nxm) the already orthogonalized incomplete set of
measured modes 25

X'MX=1I %)

The constraints of Egs. (3) and (4) were incorporated in Eq.
(1) by using Lagrange multipliers. Minimization of the cost
function g, with respect to y;; and elimination of the Lagrange
multlpher connected with Eq. (4) gave2 -5

Y=K-M\X'M—MXN\N,M 6)

where A, (nXm) is the Lagrange multiplier connected with
the constraint of Eq. (3). Using this last constraint the
following equation was obtained

MXQ2 =KX —M\,~ MX\N,MX )

Here the following crucial assumpﬁon was made
NMX=X'MA\, 8)

The assumption of E:q. (8) was used in Ref. 3 to obtain the
corrected stiffness matrix [Ref. 3, Eq. (23)]

Y=K—-KXX'M—-MXX'K+MXX'KXX'M+MXQ*X'M
®

In Ref. 3 it was shown that although A, which satisfies Eq.
(7) is not unique, the corrected stiffness matrix obtained from
any such A, is the same and is given in Eq. (9). In other words,
any assumption for A, that does not violate Egs. (3), (7) and
itself is true and can be used to obtain Y. More than that, Eq.
(8) has also a clear physical and mathematical meaning.

In the minimization process in Ref. 3 the constraint of Eq.
(3) was taken formally to represent mn independent con-
straints. However, due to the fact that the mode shapes X are
orthogonal, one obtains

XIYX;=0 i#j (10)



