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as those formed when the propellant is decomposed.19

Recently, it has been observed by Glazkova20 that the
deflagration rate of AP is inhibited when AP is mixed with
compounds that inhibit AP decomposition. This effect
becomes insignificant beyond 3000 psi, but in the pressure
range of interest in rocket motors the data show two- to
threefold change. Boggs et al.21 have observed that, within
certain dopant concentration ranges and pressure below 2000
psi, the deflagration rate of AP increases as a function of the
dopant concentration. The above-mentioned features indicate
the thermal decomposition of the propellant and that of AP to
be related to the burning rate of the propellant and AP,
respectively.
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T HE performance characteristics of conventional
aerodynamic resonator cavities are influenced greatly by

the structure of the underexpanded choked jets that are used
to excite them.1 For pressure ratios less than 4.5 in air, no
Mach disk is present, and the exciting jet has a repetitive,
cellular structure.2 Resonance is achieved only when the
cavity mouth is located where the pitot pressure increases in
the downstream direction, that is, in the downstream half of
each jet cell. A 3-in.-diam cylindrical resonator,3 excited by a
circumferentially located and radially directed underexpanded
choked jet, has reached its peak performance at a pressure
ratio of 3.76. The aim of the present work is a supplement of
Ref. 3 for examining more closely those properties of such a
jet which affect the performance of this type of resonator.

Calculations are performed according to the method of
characteristics for axisymmetric, irrotational flow. In terms
of the flow angle 6, Mach angle a, and Prandtl-Meyer angle
co, the slopes of the characteristics and the compatability
relations are

dr
—
cbc

sine* sin0 dx
dco=Fd0-—————— — =0

cos(0±a) r

(1)

(2)

From these relations, the jet structure was calculated. The
theoretical results are compared to experimental
measurements obtained from schlieren photography and a
cone-probe traverse in the jet along the centerline in the radial
direction.

A cross-sectional view of the nozzle configuration3 is
shown in Fig. 1. A toroidal plenum chamber with a rec-
tangular cross section and outer diameter of 7.5 in. is fitted
with five equally spaced compressed air inlets. A narrow slit
of width W= 0.125 in. with a !4-in. rounded entrance in the
inner wall serves as a nozzle for the jet which discharges to the
atmosphere and is directed radially toward the center of the
toroid, for which the radius R = 1.5 in.

Figure 2 shows a typical schlieren photograph of the jet
structure for a jet pressure ratio of 3.04 and with the optical
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-7-5 inches diameter

Fig. 1 A cross-sectional view of the 3-in.-i.d. toroidal nozzle as in
Ref. 3.

Fig. 2 Schlieren photo-
graph of the jet struc-
ture for a jet pressure
ratio of 3.04, R=\.5
in . , and ^=0.125 in.

JET BOUNDARY FOR R=I5", W = OI25"

JET BOUNDARY FOR R = oo

Fig. 3 First cell of the jet structure computed by the method of
characteristics at R — 1.5 in. for a jet pressure ratio of 3.76.

axis coincident with the x axis. In Fig. 2, jet cells are clearly
visible as circular rings exhibiting a fair degree of symmetry
which progressively deteriorates due to turbulent diffusion
and collision of the jet in the central region of the cavity.
Figure 2 also illustrates that jet cell length increases with
decreasing radius due to flow area convergence.

A theoretical calculation of the first cell of the jet structure
is presented in Fig. 3 for a pressure ratio of 3.76. For purposes
of comparison, the jet boundary of a two-dimensional jet also
is shown. The distinguishing features of the radially directed
jet are that the initial jet width is increased by about 34% at
the end of the first cell and that the cell length is longer than
that of the two-dimensional jet by about 18%. Both result
from the conservation of mass flow in the radial direction.
Consequently, the radially directed jet cannot possess a truly
repetitive,structure similar to that which ideally exists in the
two-dimensional case.

The variation in first cell length with jet pressure ratio
measured from the schlieren photographs is given in Fig. 4.
Experimental measurements also are included for a two-
dimensional jet issuing from a plane slot 2.0 in. long and
0.125 in. wide. From Fig. 4, it can be seen that the ex-
perimental results are very well predicted by the charac-
teristics solution for both the radially directed and two-
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Fig. 5 Mach number, distribution in the first cell for a jet pressure
ratio of 3.76, R = 1.5 in. and W= 0.125 in.

dimensional jets over the pressure range of the tests. Also in
Fig. 4, the characteristics solution shows that the width We at
the end of the first cell is significantly greater than the nozzle
width W. This effect explains why in Ref. 3 the cylindrical
resonator disk gap had to be open much larger than the nozzle
width in order to achieve the peak performance.

For application to cylindrical resonator design, the Mach
number distribution along the r axis of the radially directed jet
is of primary interest. Experimental results obtained from
measurement of the shock angle of a 15-deg cone probe are
given in Fig. 5 at a pressure ratio of 3.76. From the figure, it
can be seen that the characteristics solution predicts the radial
Mach number distribution reasonably well.

It may be concluded that the method of characteristics
yields a fairly accurate description of the radially directed jet,
at least as far as the first cell length and Mach number
distributions are concerned. As might be anticipated on
physical grounds, the first cell length and the jet width at the
end of the first cell are significantly greater than for the two-
dimensional case. Consequently, where theoretical estimates
of the jet structure for radially excited resonators are
required, the present technique should be employed.
Otherwise, the use of two-dimensional methods could lead to
incorrect cavity dimensions and inefficient resonator per-
formance. Additional work will be done to find the
relationship among the cavity radius, cell length and end-
width, nozzle width, and pressure ratio.
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THIS problem is reconsidered and a new interpretation of
existing results presented. For simplicity, two-

dimensional aerodynamic flow over a one-dimensional (in-
finitely wide) plate is considered. However, the neglect of
finite width should not alter the qualitative nature of the
results or the essential conclusions that are reached.1 The
primary purpose is to clarify the effect of variations in plate
bending stiffness on the flutter of a plate under a given
tension, and vice versa. The particular limit as the plate
bending stiffness vanishes gives a membrane whose flutter
behavior has led to much discussion in the literature. In this
limit, for sufficiently large supersonic Mach numbers where
quasi-static Ackeret aerodynamics may be used and coupled
mode flutter would occur for a plate with finite bending
stiffness, the theory predicts that no flutter will occur. Spriggs
et al.2 have investigated this limit carefully and shown that
for small (but nonvanishing) bending stiffness flutter will
occur when

\e3>(2/3)3/2 (1)

where
X =
e
a
D
Nx
q
(3
M

= (D/a2Nx)3/2

= plate length
= plate bending stiffness
= tension
= dynamic pressure of aerodynamic flow
=(M2-l)l/2

= flow Mach number

Inequality (1) holds for e-»0 (as we shall see for e<0.025)
when the tension-induced stiffness is much larger than the
bending stiffness. Inequality (1) may be rewritten as3'4

2qD'/2/(3Nx
3/2>(2/3) (la)

which is independent of plate length a and, moreover, shows
that as D becomes smaller a larger q is required to initiate
flutter. Indeed, as £)—>0, the q required for flutter approaches
infinity. This is the essence of the ' 'membrane paradox.''2

It should be noted that Spriggs et al.2 have chosen to in-
troduce the membrane stress ax, which is related to Nx by
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Nx = axh, where h is the plate thickness. They further write the
bending stiffness as D = Eh3/12(1 -v2}, where E is the
modulus of elasticity and v is Poisson's ratio. If one holds ox
constant, then inequality (1) is independent of h, and, as / i—>0
[and hence the bending stiffness D = Eh3/l2(l -v2) — 0], a
finite q is obtained from inequality (1) which is required to
initiate flutter. In this sense, there is no "membrane
paradox." Although the foregoing is perfectly correct
mathematically, the physical choice of maintaining constant
ox rather than constant Nx seems less likely to be appropriate
in most applications. One would expect a constant Nx to be
imposed in most cases (independent of h), and this is the
approach followed here.

Further insight into this remarkable result can be gained by
considering the flutter boundary in terms of X and e for the
full range of e. For e — oo, it is well known from the work of
Hedgepeth5 and subsequent authors that flutter occurs when
(for simply supported leading and trailing edges)

\>343.3 (2)

For intermediate e, the results may be presented graphically
using the numerical data of Dugundji,6 Dixon,7 and Spriggs
et al. 2 In Fig. 1 , the flutter boundary is shown in terms of X vs
1/e. This presentation is appropriate for a plate of a given
bending stiffness where the effect of tension on the flutter
boundary is being considered. As can be seen, as the tension
1/e increases,

the dynamic pressure required for flutter to occur,
\ = 2qa3 /(3D, also increases monotonically. Here, because D
is held fixed and Nx varied, no membrane paradox is evident.

Now consider the same data presented in Fig. 2 in terms of
\e2=2qa/0Nx vs e = (D/Nxa2 ) I/2 . Also shown are the
asymptotic results given by Eqs. (1) and (2). Here the tension
Nx is considered fixed and the bending stiffness D is varied.
The results shown in Fig. 2 display a result at variance with
one's intuition. There is a minimum in the dynamic pressure
required for flutter at an associated value for bending stiff-
ness, 6 — 0.1. For values of bending stiffness larger or smaller
than e=0.1, the dynamic pressure required for flutter is in-

Fig. 1 Flutter boundary in terms of X vs 1/e.


