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of these expressions lies in their mathematical simplicity,
which should facilitate further analytical studies.
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Effect of Aeroacoustic Interactions
on Ejector Performance

Brian Quinn*
A ir Force Aero-Propulsion Laboratory,

Wright-Patterson, AFB, Ohio

Experimental Background

THE mass entrainment performance of a family of
ejectors has been measured over a range of primary air

pressures and temperatures, 0<PRES < 120 psig, 60 < TRES <
1000°F. The ejector entrained ambient air through an ef-
ficient bellmouth inlet that led to a cylindrical mixing duct of
constant diameter D = 1.375 in. The length, L, of the duct
was varied incrementally. Primary air was injected through a
long, slender, convergent nozzle whose exit plane was cir-
cular, of diameter d = 0.2656 in. The axes of symmetry of the
duct and the nozzle were coincident, the exit plane of the noz-
zle and the throat of the bellmouth were also coincident.

A venturi metered the primary flow rate f n 0 , whereas the
entrained mass flow ml9 was computed from measurements
of ambient pressure and temperature and the pressure at the
throat of the bellmouth inlet. Both devices had previously
been thoroughly calibrated.1 The mixture of primary and en-
trained flows exhausted to the ambient. Beginning 1.1875 in.
downstream from the plane of injection, wall pressure taps
were drilled at quarter inch intervals along the mixing duct.
Adjacent taps were spaced at 90° intervals around the cir-
cumference of the duct.

Testing began with the longest mixing duct and proceeded
to ducts of decreasing length. The performance of the longer
ducts, in which mixing of the two streams was nearly com-
plete, agreed very well with the results of a simple, one-
dimensional analysis in which integral expressions of mass,
momentum and energy were balanced. This can be seen in the
upper curve of Fig. 1. Geometries within the interval 15.75>
LAD > 6.5, roughly, produced similar results: the entrainment
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Fig. 1 Effects of reservoir pressure on mass augmentation, TRES/
JA=1.0.

ratio rrij/mo decreased with increasing reservoir pressure
ratio, although overall performance dropped slightly below
the fully mixed predictions as the length of the duct decreased.

The Anomaly
What seemed to be substantial scatter first appeared in the

LID — 5.82 data. It was not until testing was repeated at 2 psi
increments of reservoir pressure that a real trend became ob-
vious and was considerably amplified with the shorter ducts.
Typical data are shown in Fig. 1. Performance at first
followed the trend of the simple analysis, although at a sub-
stantial reduction that reflected incomplete mixing. A trend
reversal occurred at approximately two atmospheres reservoir
pressure and peaked at 2.7. A second peak at PRES = 3.7 PA
brought the data near the fully mixed results. The peaks
clearly indicate an accelerated mixing condition that persisted
at the same pressure ratios with all of the ducts. This con-
dition was not obvious in the mass entrainment data from the
longer ducts because performance levels representative of
nearly complete mixing were achieved at all pressure ratios.
Nevertheless, accelerated mixing did occur and was obvious in
the wall pressure data.

Figure 2 is typical and describes the increase in wall
pressure, from PBM at the bellmouth throat to PA at the
exhaust plane, along the length of the duct. In these tests only
mixing and skin friction contribute to the pressure rise and the
effect of the latter is small. The distance along the tube at
which the data essentially become zero is therefore indicative
of the rate of mixing. Three distinct mixing rates are obvious.
At reservoir pressure ratios of three and less, the primary and
entrained streams require approximately seven or eight duct
diameters to complete mixing. In contrast, the PRES/^A =

3.7 data describe an accelerated mixing condition by achieving
their terminal state much earlier, at XID = 5. This is the same
pressure ratio at which one of the mass entrainment peaks in
Fig. 1 occurred. The pressure ratio 5 and 6.6 data suggest a
retarded condition that requires nine duct diameters to mix
completely.

A Proposed Mechanism
Research in the past decade has convincingly related en-

trainment and mixing to the large scale vortices convected
along the outer edges of jets and wakes, a structure known to
persist throughout a very large Reynolds number range. It
was, therefore, perplexing that the same nozzle should issue
jets with three distinct turbulence structures under similar
conditions. Abrupt changes in the quality of the ejector's
noise under different levels of reservoir pressure suggested an
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Fig. 2 Wall pressure distributions at different reservoir pressures, rRES/rA =1.0. Broken line
from static pressure probe.
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Fig. 3 Screech frequencies of free jet (o, Ref. 13) and shrouded jet (-
A--, unreported) measured by Rosfjord and Toms.

explanation. Experience of some years ago 2' 3 had clearly
identified the structural sensitivity and control of flows with
large, periodic vortices to an external acoustic field. It was
subsequently found that external sound influenced the
spreading, decay and mixing of subsonic4"6 and supersonic7

jets. Powell 8 had proposed that periodic eddies in the shear
layers of jets from choked nozzles generate loud screech tones
as they traverse the shock cells. Or, from another point of
view, the screech tones manifest the existence of periodic,
large scale mixing vortices. Other works 9'12 confirm the
presence of screech in ejectors. It would seem then, that the
supercritical performance of compact ejectors could be in-
fluenced by an external acoustic field capable of shifting
screech frequencies and altering mixing rates. Correlation of
acoustic properties with the performance of an ejector ap-
pears not to have been discussed previously.

Prompted by the above, Rosfjord and Toms13 began an in-
vestigation of the acoustic properties of the apparatus used in
the present investigation. Part of their results has been pre-
sented again in Fig. 3, where the solid line and circles delineate
the screech frequency of the unshrouded nozzle as a function
of the reservoir pressure ratio. Also shown (triangles and
broken line) are the screech tones radiated by the nozzle when
positioned within the ejector. The two curves differ sub-
stantially. That the ejector frequencies are higher than the free
jet frequencies up to PREs/^A~3.2 probably relates to the

thinner shear layers occasioned by the coflowing entrained
stream in the former case. Thereafter, the ejector's frequency
appears to assume either of two values, 31 or 16 KHZ, ap-
proximately. Under these conditions, the vortices proposed by
Powell are under the control of the same acoustic field that
controlled the eddies in the resonant cavity2 referenced
earlier, namely, transverse standing waves. The present duct
modes follow from solutions of LaPlace's equation in cylin-
drical coordinates. These are Bessel functions Jn (ar), where
n is the order of the function, a is the wave number and r is
the radial ordinate. The associated eigenfrequencies are/njW
where m is the rank of the root of Jn (a D/2). The frequen-
cies/?, 2 = 3 1 kHz and/2j/ = 16 kHz have been identified in
Fig. 3. Why acoustic control occurs at these frequencies and
not at the many other eigenfrequencies within the same range
must relate to the dynamics of the shear layer. In this regard,
we note that/5 2 and/2>/ both derive from rotating modes and
that Westley and Woolley14 have observed disturbances
spiraling around under expanded jets.

It is interesting to interpret Fig. 1 in terms of Fig. 3. At sub-
critical pressure ratios, mass augmentation performance ml
/m0, decreases as expected with PRES/^A- The turbulence
structure is "natural" but eventually changes as PRES/^A ap-
proaches 2.7, where Fig. 3 suggests that the frequency of the
large eddies tune to the f3>2 standing wave frequency of the
duct. The resonance apparently inhibits the turbulent energy
cascade, intensifies the large vortices and accelerates the
mixing process. Increasing the pressure ratio further decreases
the frequency along the path A-B, Fig. 3, thereby detuning the
jet and re-establishing the energy cascade.Entrainment
decreases and so, too, does the performance of the ejector.

At point B, around PRES/^A^. the frequency abruptly
jumps back to/5 2 in a way that suggests a second and distinct
mode of vortex generation in the jet. This mode is also in
resonance with the duct and is identified by the triangles in
Fig. 2. For the same reasons mentioned above, mixing is again
rapid, although in this structural mode it is more rapid, and
performance at PRES/PA =3.7, relative to a fully mixed con-
ditions, exceeds that at PRES/PA =2.7.

Still a third mode of mixing occurs at point E, just below a
pressure ration of 4. This structural mode is identified by the
upper curve in Fig. 2. Resonance occurs with the/2>/ mode of
the duct. Energy must cascade quickly to the smaller vortices
in this mode of turbulence because the mixing rate decreases
considerably.

Conclusions
There is little doubt that the performance of short or com-

pact ejectors could be made to rival that of longer con-
figurations if careful attention were paid to aeroacoustic in-
teractions. This could be essential for the success of V/STOL
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aircraft applications where the location of the thrust augmen-
ting ejectors on the wings necessitates compact geometries.
The experiments described in this Note were not designed to
study the acoustic interactions which were, in fact, observed
by chance. The previous comments are therefore speculative
in nature and have been offered in the interest of stimulating
research.
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Errata
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Calculating Aerodynamic Coefficients
of a Subsonic Airplane
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[J. Aircraft 10, 422-426 (1973)]

THE sentence preceding Eq. (12) should read: For an axi-
symmetric body with angle of attack a. and yaw angle /3,

the pressure coefficient at surface (r,Q,x) by neglecting high-
order term ( ux I V^ ) 2 , is

2ux cos a. cos g 2 sin a cos g
FOO cos 00

x [w rcos(0-00)-W0sin(0-00)]- —^

Both the denominators of Eqs. (A4) and (A9) should read 2?r
instead of 4?r.
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