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Table 1 Experimental conditions

Flow rate, kg/sec
Total
Diesel oil
(C/H/S = 85.4/14.2/0.3)
Oxygen
KOH solution
Atomizing N2

Thermal input, MW
Combustor pressure, atm
Running time, minutes

1.26
0.2

0.682
0.036
0.341
8.4
1.46

15

1.51
0.257

0.87
0.044
0.341

10.8
1.72

35

2.0
0.37

1.245
0.059
0.341

15.6
2.28

30

2.52
0.482

1.62
0.074
0.341

20.3
2.84

26

3.0
0.592

1.985
0.089
0.341

24.9
3.52

59

calculated pressure distribution shows considerable
disagreement in the neighboring region. The position of the
shock wave moves upstream as the load increases.

Figure 3 shows the open voltage and short-circuit current
distribution for the mass flow rate of 3.0 kg/sec. The small
numbers (1-50) in the figure indicate electrode numbers and
their positions. The analysis gives extremely good agreement
on open voltage. The small deviation is due to the leakage
current, judging from the measurement by probes of the
potential distribution in the Faraday direction. The decline of
the voltage at the end of generating section is due to the steep
drop of the magnetic field. The measured electrode drop by
probe was about 400 V at the No. 14 electrode and about 500
V at the No. 26 electrode. The relatively large current could be
extracted in spite of the large voltage drop of the cold boun-
dary layer. The calculated short-circuit current shows some
deviation from the measured value, especially in the down-
stream region.

The maximum output power of 482 kW and the total short-
circuit current of 2820 A were obtained for the mass flow rate
of 3 kg/sec. The Hall voltage (and Hall field intensity) for the
mass flow rate of 3 kg/sec were 2525 V (19.61 V/cm), 2075 V
(11.11 V/cm), 1685 V (7.84 V/cm), and 1160 V (5.88 V/cm)
as load increased. The calculated maximum output power,
total short-circuit current, and Hall voltage at short circuit
were 429 kW, 2600 A, and 4000 V, respectively.

Concerning the superconducting magnet, a very long time is
needed to cool and magnetize the magnet which was com-
posed of the Nb-Ti-Zr coil of 13 tons and the support of 35
tons. The required time to cool the magnet from 300 K to 150
K by cold He gas was 124 hr, from 150 K to 50 K, by
refrigerating operations was 97 hr, and from 50 K to 15 K was
25 hr. The time to liquify the He gas and charge the liquid He
in a cryostat was 76 hr. The raising time (5-15 A/min) of the
magnetic field until 4.2 T was 13 hr.

We may conclude that this generator can extract high out-
put power and endure for a long time judging from the good
durability at least for 12 hr, (4 hr x 3 times) under the ther-
mal flux of 270 W/cm2 at the nozzle throat for the mass flow
rate of 2.5 kg/sec without any replenishment, and also based
on the ETL Mark Ill's result of 230 hr endurance.

The quasi-one-dimensional analysis could predict the
generating characteristics within an error of 15%. However,
further work is needed to improve the understanding of the
heat loss, the leakage current, and the electrode phenomena in
regard to the seed compound.
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Skin Friction on a Flat Perforated
Acoustic Liner

Donald R. Boldman* and Paul F. Brinicht
NASA Lewis Research Center, Cleveland, Ohio

Nomenclature
= local speed of sound
= cavity depth

skin friction coefficient
diameter of holes in perforated plate
frequency
reference length along acoustic liner
effective thickness of perforated plate (includes
orifice end correction)
Reynolds number
Strouhal number
freestream velocity
axial distance along wind tunnel wall
distance from wall
boundary-layer displacement thickness
boundary-layer momentum thickness
ratio of hole area to total area on perforated plate
linear reactance
denotes condition at upstream station referenced to
the virtual origin of the boundary layer

Introduction

IT has been well-established that acoustic treatment of the
ducts in turbomachinery provides an effective means for

reducing external noise levels. One type of acoustic material
consists of an array of honeycomb cavities covered with a per-
forated plate with flow passing along it. However, the
roughness associated with a perforated surface can increase
the skin friction coefficient. Although much is known about
roughness effects on friction for surfaces containing, certain
types of roughness elements such as sand grains, ribs, threads,
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spheres, etc., little is known about friction coefficients
associated with perforated acoustic liners. In the latter case,
the holes in the surface plate provide active sites of turbulence
production. This report concerns the measurement of friction
coefficients of a typical perforated acoustic liner installed in
the side of a wind tunnel. The results are compared with
measured friction coefficients of a smooth hard wall for the
same mean flow velocities in a wind tunnel.

In addition to the surface roughness effects on skin friction,
it is also conceivable that under certain conditions an alter-
nating inflow and outflow of fluid stimulated by the passage
of sound waves could affect the skin friction. This pumping
of fluid at the perforated surface of acoustic liners has been
confirmed in studies reported in Refs. 1 and 2 and elsewhere.
A detailed investigation of the influence of this pumping ac-
tion on the friction coefficient could not be conducted in the
wind tunnel because of a high background flow noise.
However, certain observations concerning this aspect are
discussed for the special case of a very low velocity operating
condition (£/«,= 18 m/sec) in which imposed random noise
altered the mean boundary-layer profiles. At this low velocity
condition the imposed noise was greater than the flow noise.

Experiment
Local skin friction coefficients on a smooth flat hard wall

(reference case) and on a flat perforated acoustic liner were
determined from boundary-layer momentum surveys per-
formed in a 10 by 25 cm wind tunnel shown schematically in
Fig. 1. A 25 by 122 cm smooth or acoustic panel, installed in
the side wall of the wind tunnel, provided the test surface for
the boundary-layer measurements. As shown in Fig. 1 the
acoustic panel consisted of a 0.051 cm-thick perforated plate
backed by a structure of hexogonal cells 0.95 cm in diameter
by 0.64 cm deep, and mounted on a solid plate. The open area
ratio of the staggered hole perforated plate was 0.08 with a
hole diameter of 0.127 cm.

Boundary-layer surveys, obtained with a 0.07 cm-diameter
round pitot probe at different axial stations, provided the
axial distribution of momentum thickness 6 and displacement
thickness 6* required for estimation of the local skin friction
coefficient Cy. At the velocities of primary interest (61, 122,
and 213 m/sec), 10 boundary-layer surveys were made on the
acoustic wall and four on the smooth wall. These surveys were
made by continuously traversing the pressure probe across the
boundary layer at a given axial station. At a low velocity con-
dition of 18 m/sec, where noise sources were employed, two
surveys were made on the acoustic wall. In this case the
measurements were obtained using 90 sec integrated average
values at each point in the boundary layer. This rather time-
consuming process was necessary because of large-amplitude,
low-frequency oscillations in the boundary layer.

Boundary layer pressure probe^ b = 0.64 cm 0 051 cm

Smooth wall -/

/- Atmospheric
/ inlet

Acoustic wall -

Enlarged view of test walls

- Acoustical wall (122 cm long x 25 cm high)

To exhausters

^ Loudspeaker in plenum
or jet noise source

Fig. 1 Wind tunnel (10 X 25 cm) configured for acoustic wall tests.

A flush-mounted microphone was located near the cen-
terline of the acoustic wall approximately 46 cm downstream
of the leading edge of the panel. This microphone was used to
determine the sound spectra near the acoustic wall and thus
provide information for tuning the liner section. A 60 W loud-
speaker and jet noise source were installed in the plenum.

The loudspeaker could produce either a single frequency
tone or a broadband random noise, both of about 110 dB in-
tensity measured in the test section, and the air jet produced a
broadband noise of about 110 dB.

Experimental Friction Results
Several methods for experimentally determining the skin

friction on a flat wall have been described in the literature. In
general these methods include direct measurement techniques,
which commonly use a floating element at the surface of the
wall, as well as indirect methods, which involve boundary-
layer, mean-velocity measurements. In both methods extreme
care must be exercised in making the measurements. For in-
stance, in the direct methods factors such as the pressure
gradient on either side of the floating element can introduce
large corrections to the measurements, whereas in the indirect
boundary-layer approach the friction coefficient must be ob-
tained by differentiating experimental boundary-layer
momentum thickness distributions along the wall. The latter
method, with its inherent problems, was chosen for the
present study because of potentially greater problems in
designing a floating element gauge compatible with thick
acoustic walls.

In reducing the data, smoothed experimental distributions
of 0(x),5* (x), and U& (x) were incorporated in the integral
form of the momentum equation3 given by

f
o 2 (1)

Smoothing of the boundary-layer data was achieved by means
of a least squares fit though the logarithmic distributions of
B(x) and 6*(jc). The distance from the virtual origin to the
upstream station on the test wall x0 was calculated from the

TEST LENGTH, L 91 CM

O ACOUSTIC WALL
D SMOOTH WALL

*_ 2.8 —

S 3.6 r-

.5 1.0 0 .5
AXIAL DISTANCE, (x - x^/L

b) Uoo = 122 M/SEC, c) U^ - 213 M/SEC,
xn^ 33 CM.

1.0

Fig. 2 Experimental friction coefficients based on boundary-layer
momentum surveys at high freestream velocities (61 <(/«,< 213
m/sec).
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flat plate relationship for a turbulent boundary layer3 com-
monly expressed as

Of—

= 0.036x0Rex-0
-0.2 (2)

where B0 represents the measured value of momentum
thickness at the upstream station.

Differentiation of Eq. (1) yields the following expression
for the local skin friction coefficient

(3)

In Fig. 2 the local friction coefficients for the acoustic wall,
obtained by numerical differentiation of the left side of Eq.
(1), are compared with the values for the hard wall. At a
velocity of 61 m/sec, an increase in C/ of only a few percent
can be observed whereas at the highest velocity of 213 m/sec
an increase in friction of about 20% was obtained. This
behavior is characteristic of a rough wall in which an effective
sand grain roughness height can be assigned to a given
acoustic surface. In classical roughness theories, the most
significant effect of roughness on the friction coefficient
would occur at the highest velocity where the ratio of boun-
dary-layer thickness to effective roughness height attains its
lowest value.

From the standpoint of surface roughness effects, the fric-
tion could possibly be reduced by decreasing the hole size
since the holes provide active sites of turbulence production.
However, such alternatives would have to be compatible with
the desired sound attenuation characteristics of the liner.
Some observations of these sound attenuation characteristics
are given in the following section.

Flow with Imposed Noise
A few tests were performed to determine whether changes

in the boundary layer could be observed when noise was in-
troduced from the various noise generators in the plenum.
Broadband noise sources consisting of an air jet and a random
noise generator were used to determine the frequency for op-
timum sound attenuation. These noise sources had a nearly
flat output up to 10 and 6 kHz (speaker cutoff), respectively.
Sound pressure level spectra from the flush mounted
microphone indicated that the frequency for optimum sound
attenuation by the liner was about 4.8 kHz. This is indicated
by the frequency of the minimum in the sound pressure level
spectrum shown in Figs. 3a and b for the jet and random noise
generator sources. Although these spectra were obtained with
no flow, the frequency of minimum sound pressure level did
not change noticeably with freestream velocities up to about
20 m/sec.

When the freestream velocity reached about 30 m/sec the
imposed noise disappeared into the higher background noise
produced by the turbulence in the flow as shown in Fig. 3c for
the jet noise source. Actually an increase in sound pressure
level can be observed at the liner resonant frequency of 4.8
kHz.

This spike in the sound pressure level spectrum is believed
to represent self-generated noise of the type described in Ref.
4. Self-generated noise in a hydrodynamic flowfield (d<a/f)
occurred at a Strouhal number (S^fd/U^) of about 0.2 (Ref.
4). Accordingly, at a freestream velocity of 30 m/sec and a
hole diameter of 0.127 cm, the frequency for self-generated
noise would be about 4.7 kHz.

The observed value of resonant frequency for the liner was
calculated from the expression for the reactance of Helmholtz
resonator arrays5 by setting the reactance equal to zero. In
this case

~cot(2irfb/a) (4)

where the expression for £, the effective perforated plate
thickness, is given in Ref. 6. The calculated resonant frequen-
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Fig. 4 Effect of imposed random noise on the acoustic wall boun-
dary layer at a low velocity. U& = 18 m/sec; x/L = 0.67.

cy for the liner was 4.8 kHz, which is consistent with the
minimum in the attenuation spectra. It is recognized that the
resonant frequency is not necessarily the frequency for op-
timum damping since the optimum frequency depends on the
particular modes of propagation.7 However, in the present
experiment, the optimum tuned frequency based on the
broadband noise spectra appears to be equal to the calculated
resonant value for the liner.

Boundary-layer mean velocity profiles are presented in Fig.
4 for flow over the acoustic liner with and without random
noise introduced from the plenum. These velocity profiles,
obtained at x/L = 0.67, show differences which result in an in-
crease in the boundary-layer momentum thickness with im-
posed noise. This thicker boundary layer (larger value of 6)
suggests a higher friction coefficient with imposed noise. The
boundary layer on the hard wall remained essentially the same
when noise was introduced.

Since the frequency for optimum sound attenuation was
found to be about 4.8 kHz, it was of interest to introduce a
tone at this frequency to determine whether a similar change
in the boundary layer could be observed. Surprisingly,
however, the introduction of a 4.8 kHz tone at the same
overall sound pressure level did not alter the boundary layer
(implying no change in skin friction). This result is attributed
to differences in the mode of propagation of the various im-
posed noises. Since the optimum frequency depends on the
particular sound propagation modes,7 it is conceivable that
the optimum frequency for the tone was not the same as the
frequency corresponding to the minimum sound pressure
level for the broadband noise sources shown in Fig. 3.

Conclusions
Although the results of this study of friction cannot cur-

rently be extrapolated to include other liner geometries, it is
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significant to note that the 20% increase in friction at a
velocity of 213 m/sec (a realistic velocity for turbo-machinery
components utilizing such liners) represents a loss in per-
formance. Furthermore, under certain conditions there ap-
pears to be an increase in friction due to imposed noise. This
conclusion is based on changes in the mean boundary layer
with imposed noise; however this effect was noted only at low
velocity levels (U^ = 18 m/sec).
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Laminar boundary layers exhibiting similarity have long
played an important role in exposing the principal physical
features of boundary-layer phenomena and in providing a
basis for approximate methods of calculating more complex,
nonsimilar cases. Here, the transport properties vary
significantly across the boundary layer under such extreme
temperature variation (the pp, density-viscosity, product at
the wall can be 10 times the freestream value). The existing
similarity solutions with variable transport properties, i.e.,
Ref. 7, only cover the ratio of P\L product up to a factor of
about 3. In addition hydrogen at 3 atm is completely
dissociated at about 5000 K. Hence the boundary-layer
equations with variable transport properties have been solved
by a quasilinearization technique8 and the equilibrium
properties of hydrogen9"10 have been used in the calculations.

Method of Analysis
For simplicity, we assume that Prandtl number Pr- 1 and

p~h~l where h is the enthalpy. A simple extension of the
Cohen-Reshotko11 analysis by including variable P\L will
provide the following similar boundary-layer equations

, + 0(g-ft)=0 0)

(2)

with boundary conditions /(0)=/1?(0) = 0, g(0) = g w > '
/ j (oo) =g(oo) = 1 where /,,= u/ue is the nondimensional
velocity; g = hs/hse= (h + u2/2)/hse is the stagnation en-
thalpy ratio; and the subscripts e and s indicate the external
and stagnation conditions, respectively. The similarity vari-
ables are

Similarity Solution of the
Boundary-Layer Equations

for Laser Heated Flows r'—Ay

Peter K. Wu*
Physical Sciences Inc., Woburn, Mass.

Introduction

R ECENT developments in high-power CO2 lasers have
made it feasible to consider adding large amounts of

energy to a gas flow via the absorption of 10.6/z laser
radiation by inverse Bremsstrahlung and the conversion of the
absorbed energy into KE. This concept can be applied to laser
propulsion l~3 and the hypersonic wind tunnel. 4 More recently
the one-dimensional steady nozzle flow with laser energy ad-
dition has been examined.5"6 When the flow medium in a
laser-heated rocket thruster is pure hydrogen, which has been
chosen on specific impulse considerations, the average tem-
perature of the hot plasma core is about 14,000 K6 , and the
core Reynolds number based on the nozzle throat diameter is
approximately 2000. In the absence of mass injection to
protect the wall, the convective heating will be severe under
such high freestream temperature. To estimate the heat-
transfer rate to the wall, we solve the laminar boundary-layer
equations with local similarity approximation.
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and the pressure gradient parameter is

he

The superscripts y = 0 and 1 correspond to the two-
dimensional and the axisymmetric cases, respectively.
Equations (1) and (2) can now be solved by quasilinearization

Hydrogen
Pe = 3 atm
T« = 14000 K

Fig. 1 Variation of density-viscosity product across the boundary
layer.


