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variable as a function of t. The angle 6 in each ply is the angle
between the fiber direction and x-axis of the plate. It is
also assumed that Llh-20 and the dwell time T1 = 100
where Tj= (ET/ph2)t1 with ET denoting the modulus of a
unidirectional layer transverse to the fiber direction and p
denoting laminate density. Dynamic load factors (ratio of
dynamic solution to static solution) are presented in Tables 1
and 2 for increasing values of N0 (shown in the non-
dimensional form N0 = N0/ETh). These results correspond to
0 = 45° and 90° respectively. Maximum in-plane stresses
for the /th layer of the laminate can be calculated from the
relationst

(6)

where Qtj are the anisotropic reduced stiffnesses for plane
stress. For the present plate theory in which the effects of
transverse shear deformation are included the inplane stresses
are not a function of w explicitly. It should not noted,
however, that through the coupling of w, \j/x, and \l/y in the
governing equations the inplane stresses are indirectly related
to w. For the symmetric laminates discussed in the present
work, ufX° is a constant proportional to N0. Thus, w, \//x, and
\l/y are the only time dependent variables. It should be noted
that the laminates under discussion display orthotropic in-
plane properties (i.e., A]6=A26 = 0) resulting in the vanishing
of v°. The interlaminar shear stress rxz can be determined by
using Eqs. (6) in conjunction with the dynamic theory of
elasticity in the following manner

(7)

The dynamic load factor for the maximum value of rxz is
shown in Fig. 1 for 0 = 45° and z = 0. It should be noted that,
depending on layer properties, the maximum value of TXZ does
not always occur at the laminate mid-plane. Similarly, the
maximum value of the in-plane stresses does not always occur
at the outer surface of the plate. It should also be noted that
for 0 = 90°, \l/y vanishes.

A cursory examination of the numerical results reveals that
an initial in-plane tensile stress resultant has considerable in-
fluence on the dynamic load factor. The exact character of the
change, i.e., increase or decrease, depends on the orientation
in the laminate.
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$In general the peak values for \}/XtX and \l/y>x do not occur at the
same instant. Since the numerical values for \j/X)X are at least ten times
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u and Q1
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magnitude, it follows that for practical applications the dynamic load
factors for the inplane stresses are very close to the dynamic load fac-
tor for \l/XfX.

Near-Field Studies of a Choked Jet
Seeded with Upstream Sound
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Introduction
A NUMBER of studies1"4 on core engine noise have

jLjLbeen published in recent years. There is substantial
evidence1'2 that the noise from low-velocity jets cannot be ac-
counted for by Lighthill's theory alone. Internally generated
noise upstream of the nozzle contributes significantly to the
overall noise radiated by the jet. As early as 1953, Mawardi
and Dyer5 reported measurements on turbojet engine noise
and found the velocity index to vary from 4 to 8 as the thrust
was increased. The importance of internal noise has been
overlooked for many years, and, in testings of jet engines, the
deviation from the U8 law was regarded as an imperfection of
the engine rather than a fundamental effect.

In spite of some recent investigations by engine manufac-
turers and independent researchers, the subject of internal
noise is still poorly understood. This is because of the com-
plexity of the problem, and more fundamental studies are
required to identify the internal noise sources, the coupling
between them, and the transmission characteristics as a func-
tion of the jet flow.

To study the transmission of core noise, it is desirable to in-
troduce sound of controllable amplitude and frequency up-
stream of the nozzle and to follow the development of the
radiated waves and the modification by the jet flow in the
near field. This paper presents some preliminary observations
in the near field of a 214-in. cold choked jet seeded with high-
intensity sound waves of discrete frequencies generated by an
annular cavity cut into the inside surface of a nozzle.
Microphone traverses at a frequency of 12.5 kHz have been
carried out. This frequency corresponds to the fundamental
of the internally generated waves, with the cavity width set at
1A in. The results for other cavity widths exhibit behavior
similar to that reported herein, and detailed measurements at
other frequencies are reported in Ref. 6.

Experiments
The experimental facility used in the present experiments

has been described by Westley and Woolley.7 The nozzle used
in the experiments has an inside diameter D of 2.25 in. and a
parallel length of 4.2 in. It was connected to a 6-in-diam air
supply pipe by a converging section. Figure 1 shows a cross
section of the nozzle. An annular cavity was cut on the inside
surface of the nozzle at a distance d — Vi in. from the exit. The
cavity depth h was kept constant at 1A in., and the width b
could be varied from Ys to !/2 in. The dimension for the nozzle
wall thickness t was Y* in.

A l4-in.-diam condenser microphone (B&K 4135) was
mounted on a lathe bed drive and could be motor-driven at a
speed of approximately 1 ips, for a distance up to 30 in. The
near-field traverses of the sound pressure level at frequencies
corresponding to those generated by the cavity were obtained
by feeding the microphone signals through a B&K Vs.-octave
frequency analyzer.

Optical studies of the jet flow and the sound field were ob-
tained by a single-pass schlieren system with a nanolite source
(model K30) and two spherical mirrors of 3-ft diam and 24-ft
focal length. A microphone was used to trigger the light
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Fig. 1 Schematic of nozzle.

Fig. 2 Shadowgraph of the radiated sound field.

source, and single-frame photographs could be obtained at
various time delays.

Results and Discussion
When a subsonic or supersonic flow passes over a cavity, an

intense tone of discrete frequency sound is produced.
Schlieren photographs of the acoustic field have been taken by
Karamcheti8 for flow past a rectangular cavity, and the
radiation has been shown to be directional at high subsonic
Mach numbers. Figure 2 shows a shadowgraph of the radiated
sound field at a jet pressure ratio of 2.36. The cavity gap is Vi
in. wide, and a very intense sound field can be seen. The
frequency of the radiated waves is 12.5 kHz, which is
calculated from the wavelength measured from the
photograph. The sound waves in the downstream and for-
ward directions are quite spherical, and they are separated by
a region of poorly defined wave pattern, which is due to in-
teractions between these two sets of waves. If the wave vectors
of the two sets of waves are drawn, they will intersect on the
jet boundary at a distance of approximately 1A diam down-
stream of the nozzle exit plane. Schlieren photographs of the
cavity-generated waves inside the jet6 show that the location
of the center of the radiated waves depends on the angle made
by the acoustic beam emitting from the cavity with the mean
flow and roughly coincides with the point where the beam
meets the j et boundary.

To study the radiation in the near field of the jet,
microphone traverses of the sound pressure were made.

Fig. 3 Sound pressure level, dB (0.0002 dynes/cm2), vs r/D at
0 = 45° with i/2-in. cavity width.

Fig. 4 Sound pressure •CT^I,
6 = 120° with Vi-in. cavity width
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Figure 3 shows the filtered sound pressure level plotted
against the nondimensional distance r/D at 0 = 45° for the
downstream set of waves. Results for four pressure ratios are
given at the fundamental frequency of 12.5 kHz for the
cavity-generated waves. The frequency was found to vary
with the cavity width only and not with the jet pressure ratio.
Corresponding to these four pressure ratios of 2.22, 2.36,
2.50, and 2.70, the pressure fluctuations on the floor of the
cavity measured by a fast response transducer were 2.6, 4.3, 6,
and 8.8 psi, respectively.6 Although the correlation between
these pressure measurements and the intensities of the cavity-
generated waves has not been completed at this stage of the in-
vestigation, nevertheless they give an indication of the in-
tensity of the acoustic emission which can be varied by ad-
justing the jet pressure ratio. The solid lines in Fig. 3 are the
traverses with the cavity width set at Vi in., and the coordinate
system is shown at the top right-hand corner of the figure.
The origin 0 is a 1 in. downstream of the nozzle exit and 13/4
in. from the jet axis. The drop in sound pressure level with
distance is very rapid for r/D< 1, and a dip in the curves bet-
ween Vi and 2 diam always is present, with that at a pressure
ratio of 2.7 being the largest. To obtain an idea of the
background noise, the sound pressure level is plotted in the
same figure wjth the cavity closed, as shown by the broken
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lines. The sound waves at rID = 0 are at least 15 dB lower than
those with the cavity opened. At the highest pressure ratio of
2.7, it is seen that seeding the jet flow with intense sound
waves results in a rapid decay in pressure level for a distance
of 1 to 2 diam. For larger values of r/D, e.g., r/D>5, the ef-
fect of the cavity-generated waves is very small, whereas at the
lowest pressure ratio of 2.22 the effect is quite pronounced,
and the curves are separated by 10 dB or more.

The near field of the forward set of waves was studied by
microphone traverses at 0= 120°. The sound pressure level at
12.5 kHz is plotted in Fig. 4. Comparison of this figure with
Fig. 3 shows that the forward set of waves has relatively little
interference from the sound field produced by the jet flow, ex-
cept near the jet exit. There the nozzle exerts some influence,
and the sound waves decay as spherical waves a short distance
from the nozzle lip. The near field in the absence of the cavity-
generated waves is shown in the same figure by the broken
lines, and the intensities are substantially lower than those
with the cavity width set at Vi in.

The sound pressure traverses of the downstream set of
waves with the cavity closed are always higher than the for-
ward set of waves for the four jet pressure ratios reported
herein. This is to be expected, because the 0 = 45° traverses are
closer to the noise-producing region of the jet. However, with
the cavity opened, the sound pressure levels along the 0= 120°
traverses remains higher than the 0 = 45° traverses, since the
drop in the sound pressure near the origin 0 is less rapid. This
shows that the seeded sound has a greater influence in the for-
ward direction, at least for this particular frequency. More ex-
periments are needed to show whether this phenomenon is ob-
served at other frequencies of the seeded sound waves,
although traverses at 16 kHz reported in Ref. 6 show similar
behavior, but the differences in the sound pressure level in the
forward and downstream directions are not as large as those
for 12.5 kHz.

Conclusions
Some preliminary results of the transmission of internally

generated noise through a cold choked jet were presented. The
sound source is an annular cavity cut into the inside surface of
the nozzle. The amplitude and frequency of the cavity-
generated waves can be controlled by adjusting the jet
pressure ratio and the cavity width. Shadowgraphs taken of
the radiated sound field show two sets of waves, one moving
downstream and the other in the forward direction. They are
separated by a region of poorly defined wave pattern, which is
due to interactions between the two sets of waves. The
radiated waves are quite spherical, and if the wave vectors of
these two sets of waves are drawn, they will intersect on the jet
boundary in the region where the acoustic beam emitting from
the cavity leaves the jet.

Sound pressure traverses, also were carried out for the
downstream (0 = 45°) and forward (0= 120°) sets of waves at
a frequency of 12.5 kHz, with the cavity width set at Vi in.
The 0 = 45° traverse shows some interference from the other
noise sources in the jet such as shock cell noise, whereas the 0
= 120° traverse shows the waves to decay like spherical sound <
waves a short distance from the nozzle lip. For this particular
frequency, the seeded sound waves have a larger influence in
the forward direction, but more experiments are needed to
show whether this is true for other frequencies as well.
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Correlation of Vibrational-
Nonequilibrium Flow in

Expansion Nozzles

KenichiNanbu*
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Introduction

MUCH work has been published on the vibrational-non-
equilibrium flow in expansion nozzles.1 Erickson2

found numerically that the translational temperature T at
large area ratios in the nonequilibriurn flow calculations could
be correlated as follows: the ratio of Tto the temperature Te
at the same area ratio in equilibrium flow is independent of
the area ratio and is given as a function of the stagnation tem-
perature T0 and the product p0t, where p0 is the stagnation
pressures. The definition of £ follows. The purpose of this
Note is to present an analytical verification of the above
correlation.

Analysis and Results
We consider a pure diatomic gas flowing through a con-

vergent-divergent nozzle with an area distribution given by

* = l+(x/t)2 (1)

where A is the cross-sectional area, x is the axial distance from
the throat, £=r*/tan0, r* is the throat radius, and 0 is the
asymptotic expansion angle. The asterisk denotes the con-
ditions at the throat. In the range of the area ratio where
vibrational freezing prevails, Eqs. (18) and (19) of Ref. 2
reduce to

dA/A= ((6T-5T'0)/2T(T'0-T)]dT (2)

where Tis the translational temperature, and T'0 is defined by

'0 = T0+(2/7)Q(a0-af) (3)

where 0 is the characteristic temperature for vibration,
a0 = [exp (Q/T0) -1] -1 is the vibrational energy at T0, and a
is the frozen vibrational energy. Both o0 and oy are dimen-
sionless as a result of dividing by RQ. Where R is the gas con-
stant. The solution of Eq. (2) is

T
~e~ i- -1/2

(4)
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