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structural element ¢ to relate the local axes and a system of
multi-global axes.
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Pressure Waves for Flow Induced
Acoustic Resonance in Cavities

JorN B. MiLEs* aAND GEORGE H. Warsont
University of Missourt, Columbia, Mo.

Introduction

OR several years, considerable interest has been directed

toward understanding separated flow, primarily because
of its unavoidable occurrence in many aerodynamic configura-
tions.! A particular type of separated flow is herein con-
sidered, namely, that caused by cavities in aerodynamic sur-
faces. As pointed out in a review article,’ the concern of
previous investigators into cavity flow has mainly centered
around the effects of such flow on drag and heat transfer
during steady flow conditions. The situation related to
steady cavity flow is reasonably well understood, subject to
certain geometrical constraints.

More recently, it has been observed by several investiga-
tors?—® that cavities will emit acoustic radiation of a sharply
defined frequency under proper conditions of external flow
and cavity geometry. Relatedly, resonance is noted to sig-
nificantly alter the drag® and heat transfer* characteristics
of cavities in comparison to their nonresonating performance.
To date, very little experimental data is available which
would enable one to clearly define the nature of and the
requisite conditions for flow-induced acoustic resonance; nor
is there any general theoretical agreement concerning these
matters.
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Fig.1 Cavity flow model.

Received October 26, 1970; revision received February 25,
1971. The subject work was financed in part by University of
Missouri Research Council Grant 546.

* Professor, Department of Mechanical and Aerospace Engi-
neering. Member ATAA.

t Former Graduate Student, Department of Mechanical and
Aerospace Engineering.

VOL. 9, NO. 7

This present Note describes an experimental investigation
into the pressure fields existing in cavities during situations of
flow-induced resonance, and it represents a portion of a larger
study into cavity resonance carried out by coauthor G. H.
Watson during his doctoral dissertation.” The reported
pressure measurements were taken in a near-circular cylinder
of 12 in. diam, while the external flow velocity ranged from
about 30 to 200 fps. Interpretation of the data allows for
classifying each instance of resonance into one of three types.
Additionally, all the measured resonant frequencies are cor-
related by a Strouhal number based on cavity diameter.

Experimental Investigation

The cavity model employed was a circular cylinder of 12 in.
diam 12 in. length (normal to the flow), as depicted in Fig. 1.
The portion of the cavity adjacent to the freestream was sliced
off, resulting in a 9 in. depth and a maximum cavity opening
(mixing length) of 8.75 in. The mixing length could be ad-
justed to any value less than its maximum value by means of
the indicated sliding plate, which was constructed from 3%-in.
steel plate and had a sharpened upstream edge. One end of
the cavity model, constructed ‘of 1-in. aluminum plate, had
23 threaded holes located as shown to scale by the crosses
in Figs. 2-4. These holes accepted either flush mounted
pressure transducers or blank plugs.

The primary flow was through a 1 X 1 ft nozzle exhausting
to the atmosphere following an 8:1 contraction. The plate
just upstream of the cavity was actually one wall of the nozzle,
and it was equipped with a perforated surface which allowed
for boundary-layer removal or augmentation. The influence
of the condition of the boundary layer at separation will not
be herein considered, although Watson” did consider it in
detail; suffice it to say that thin boundary layers at separation
promote both the occurrence and the intensity of resonance.

The existence of flow-induced resonance in the cavity could
be ascertained simply by noting the sound generated. More
quantitatively, an oscilloscope tracing from one of the afore-
mentioned pressure transducers during a quiescent condition
revealed a random pressure fluctuation within the cavity of a
relatively small amplitude; conversely, when the cavity was
in a resonant condition the pressure variation was distinctly
sinusoidal and of a much larger value. The controllable
experimental parameters which were found to influence the
occurrence of resonance are free-stream velocity, mixing
length, and boundary-layer thickness at separation.

The testing procedure developed for the present purposes
consisted of setting the boundary-layer control and the mixing
length to particular values and then gradually increasing the
freestream velocity until a sharply tuned condition of reso-
nance was obtained, as indicated by a pressure transducer
output. Then a mapping of the resulting pressure field was
obtained by simultaneously monitoring the output from two
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Fig. 3 Polar plot of acoustic pressure within cavity (half-
wave mode).

pressure transducers. One transducer was fixed in an arbi-
trarily assigned reference (for relative phase) location, while
the other was located progressively in each of the remaining
22 mounting holes. This allowed for presenting information
of the type appearing in I'igs. 2-4, wherein the length of the
arrow at each location represents the magnitude of the mea-
sured pressure fluctuation (peak-to-peak) and the direction of
the arrow indicates phase angle relative to the arbitrary
reference location. For a particular mixing length and
boundary-layer condition, the cavity might move in and out
of resonance several times as the freestream velocity is in-
creased. :

Of special interest in all observed instances of resonance
(with the exception of those occurring for very small mixing
length) is the fact that all pressure mappings can be classified
as one of three types: Helmholtz mode, half-wave mode, or
full'wave mode. (It might be noted that these latter two
modes correspond approximately to mode number designa-
tions of (1, 0, 0) and (2, 0, 0), respectively, according to con-
ventional acoustic theory for standing waves in cavities as
presented by Morse and Ingard®) The Helmholtz mode
(Fig. 2) is characterized by the pressure fluctuations being
in-phase and nearly equal throughout the entire cavity.
Cases of the half-wave mode (Fig. 3) feature a standing pres-
sure wave aligned in the direction of the freestream with a
pressure node along the vertical diameter and pressure anti-
nodes in both the extreme upstream and downstream regions
of the cavity. The full-wave mode likewise had a standing
wave aligned with the freestream, but two vertical lines of
pressure nodes appear as in Fig. 4. Pressure mappings during
resonance occeurring with very small mixing lengths revealed
that the standing wave was not necessarily aligned with the
freestream; this is not surprising when considering that the
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Fig. 5 Strouhal number as function of nondimensional
freestream velocity.

directionality of the freestream must be imparted to the cavity
through the mixing length.

Following the lead of other investigators of periodic flow
phenomena and guided by the results represented by Figs.
2-4, the measured frequencies for the various observed reso-
nant conditions were computed in a nondimensional manner by
employing a Strouhal number based on the cavity diameter.
Specifically, each measured resonant frequency (fmess) was
converted to a Strouhal number (Speas) by the equation

Smeas == Dfmeas/U = Dfmeas/(U/C)c

where D is cavity diameter, U is freestream velocity and ¢
is the speed of sound. For sake of comparison, the frequency
imposed (fimp) by the cavity is considered to be:

fimp = c¢/wavelength = ¢/ND

N represents the number of cavity diameters contained in a
resonant wavelength (ie., N = 1 for full-wave mode and 2
for half-wave mode). Converting fime to an imposed Strouhal
number (Simp) gives:

Siwp = Dfimp/U = Dc/UND = 1/(U/e)N

The results of this nondimensional consideration are shown
in Fig. 5. 1t is observed that the value N = 6 correlates the
data for the Helmholtz mode cases quite well. Furthermore,
the data from the half-wave events fall slightly above the
expected curve of N = 2. This is not surprising when con-
sidering that the average streamwise dimension of the cavity
is somewhat less than the cavity diameter.

Conclusions

From the discussed experimental study, it is concluded that
flow induced acoustic resonance in relatively open cavities
occurs in one of three modes: Helmholtz, half-wave, and
full-wave. During the latter two, a standing pressure wave
is aligned with the free stream and its wavelength (conse-
quently frequency) is controlled by the cavity diameter
(streamwise dimension). For the Helmholtz case the mea-
sured frequencies correspond to wavelengths of 6 times the
cavity diameter.
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Electrostatic Probe Electron Current
Collection in the Transition Regime

E. W. PeTERSON*
Unaversity of Minnesota, Minneapolis, Minn.

Introduction

ALBOT and Chou! recently developed an approximate

analytical analysis, based on the limited results of the
rigorous Chou-Talbot-Willis? theory, which permits the
calculation of the effect of collisions on the probe ion or elec-
tron current in the electron retarding field region. Their
analytical results have been found to compare favorably with
the Kaegi-Chin?® and Dunn-Lordi* ion current measurements
and with the Kirchhoff-Peterson-Talbot® ion and electron
current measurements, all taken using negatively biased
cylindrical probes operating in the transition regime. How-
ever, the influence of collisions on the electron current at-
tracted to a positively biased probe is also of practical in-
terest. It is therefore the intent of this work to extend the
Talbot-Chou! approximate analysis to describe the influence
of collisions on the electron current collected by a positively
biased cylindrical or spherical probe.

In the Chou-Talbot-Willis? collisional analysis certain
integrals appeared which, because of their complexity, were
only evaluated over a small range of the parameters of in-
terest in order to establish the trend of the results. How-
ever the applications of these results for negatively biased
probes were extended by Talbot and Chou! to include the
entire range of parameters. This was accomplished by using
the Bernstein-Rabinowitz® and Laframboise’ results and the
Su-Lam?® and Cohen?® results to evaluate these integrals in the
collisionless and continuum limits respectively and then using
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Fig.1 Functions for evaluation of spherical probe current.
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an interpolation formula to span the transition regime be-
tween these limits. The same general procedure may be
followed for positively biased probes.

One can show that the rigorous analytical expressions
needed to evaluate the collisionless limits of these integrals
for positive probe potentials may be obtained from the Talbot-
Chou? results for negative probes by interchanging (the nota-
tion is that of Ref. 1) n, and n;, j, and j; and by everywhere re-
placing 7x by (—x) and x by (—7x). Similarly the rigorous
equations for the positive probe valid in the continuum limit
may be recovered by interchanging j. and j;; K, and K, &,
and &;, and by everywhere replacing r by 1/7. However cer-
tain algebraic approximations are also used in the evaluations
of these integrals and the resulting probe currents. Obviously
the analogous expressions for the positive probe can not be
determined by direct substitution from the negative probe
results of Talbot and Chou! and will therefore be discusssed
in detail in the following paragraphs.

Spherical Probe
First consider the spherical case where for positive probe

exp(x)dz.

In order to evaluate the potential distribution x(z) in the
collisionless limit it is necessary to have an algebraic repre-
sentation for the probe current (j.,.). To be consistent, an:
expression similar in form to that used for ion current in Ref. 1
is desired. Fortunately Laframboise’s” numerical results for

1
potentials the integral is of the form J = fo

-monoenergetic electrons can be represented within 5% by

Jeoo = Fo(T)(Xo/TXs) s (1)
provided f,(7) is defined as
f) =1 — 7xXe/4 = Jo,ts? (2)

Representative values of f,, 7x. are shown on Table 1 while
a, is given on Fig, 1. Tt follows that the potential distribu-
tion, which must vary continuously throughout the region
2, < 2 < 1 and must satisfy Egs. (1) and (2) at the probe and
absorption radii, respectively, may be approximated by

Jor® = fo(7) Oc/x)P 3)

where
Bs = as[1 — In7/In(x»/xs)] 4)

The above integral may then be numerically evaluated. For
electron collection the contribution from the outer integral
(over theregion 0 < z < z,) is of the form J.,® =G1(7)/Js,o 1/
while the inner integral (2, < z < 1) may be taken, with only
a small loss in accuracy, as J,,-® = 7V/2G5(£). Representa-
tive values of G; and G, are given in Table 1 and Fig. 1 re-
spectively. For monoenergetic ion collection the integral
analogous to J,.® is negligible. However, recall that the
amount of electric field that penetrates past the sheath edge is
nearly proportional to the thermal energy of the repelled
species. Therefore for large 7 the ion shielding at positive
probe potentials is nearly complete and the contribution from
the inner integral may equal that from the outer. It follows
that the electron current attracted to a spherical probe operat-
ing in the transition regime is given by,

je,m/je =1+ (1 + Ke)“l[GKT)je.w”z + Tllzje,ooG‘l(E)] +
K, 1+ K)tA + 77) Yewto (5)

Tablel Functions for the evaluation of the probe current

r=1 T =2 T =25 T = 10
—TXs 0.52 0.59 0.65 0.67
fs(7) 1.41 1.23 1.10 1.06
Gi(1) 1.07 1.05 1.03 1.02
fe(T) 1.38 1.20 1.08 1.04




