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Abstract
Directional noise attenuation for a coannular jet, caused by awedgein thefan stream, isstudied with
data from threedifferent facilities. The effect, first observed with small-scale conver gent nozzlesat UCI,
involves noise attenuation on the side away from the wedge. Thetrend is confirmed with datafrom a
largefacility. However, several anomaliesarenoted. In particular, thewedgeisfound to beineffective
with nozzleshaving paralld flow linesnear theexit. In thelatter case, thewedge smply causesa lateral
spreading of theflow. In the conver gent case, thewedge also divertsthe flow downward forming the
thicker annular layer underneath that iskey to the noise attenuation seen on the ground.

1. Introduction

Over the past severa years, substantial noise reduction has been demongtrated for coannular jetsin experiments at
University of Cdiforniaat Irvine (UCI). The essence of the techniqueisto offset the annular stream with respect to the primary
stream. When thisisdone, noise on the ‘fat’ side of the annular stream gets reduced rel ative to the noise of the concentric case.
Itisadirectional attenuation of noise with obvious practical relevance. Inflight if the annular stream could be diverted
underneath, noise heard on the ground would be less.

Theinitial observation of this effect was with inner and outer nozzles placed in an eccentric configuration.” The effect
with eccentric nozzles was aso observed in Ref. 2 and further confirmed in an experiment at NASA Glenn Research Center
(GRC).2 Sincein practice the implementation of the eccentric configuration would be difficult, subsequent UCI effort sought
aternative means of diverting the annular stream. Thisincluded placement of vanesin the outer passage that also produced
promising noise reduction.*> Most of these experiments pertained to low bypass ratio nozzles. The effect became more
pronounced with increasing jet Mach number in supersonic conditions.

L ater, the technique was explored for a high bypass ratio nozzle involving high subsonic and transonic flows.
Initialy, these tests were conducted in a‘classic’ coaxial nozzle with paraléd flow lines at the exit and coplanar termination of
the inner and outer nozzles. Placement of the vanes again produced significant noise reduction. Another technique involved
placing awedge in the vicinity of the exit of the annular flow. The results were disappointing and the wedge was dropped in
favor of the vanes.

However, in later tests with a nozzle having realistic geometry, shaped like the *3BB’ nozzle used in previous
experiments at GRC,® the wedge produced a substantial noise reduction. The reduction in some cases was even more than that
achieved by the vanes. Preliminary results from arecently completed test at GRC with the origind *3BB’ nozzle together with a
wedge confirm the overall trend of noise attenuation at shallow angles (Dr. James E. Bridges, private communication). Thiswill
be discussed in §3.
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The effect of the wedge is the focus of the present paper. The wedge casestried in the UCI experiment were limited.
There could be many variations of the wedge geometry, e.g., haf-angle, base width relative to nozzle perimeter, shape of the
sdewalls, etc. Also, there was no explanation why the wedge was not effective with the ‘classic’ nozzlein the UCI tests. Thus,
further explorations and an optimization experiment seemed appropriate.

Such an exploration is attempted in the NASA Glenn open jet facility used in the work of Ref. 3. The nozzlesin this
facility being about 3 times larger than the UCI hardware offered amore controlled variation of the geometric parameters. The
nozzle has parallel flow lines at the exit and does not have a center plug. However, in this same facility and with the same
nozzles the effect of eccentricity was verified earlier. So there was the expectation that the wedge would exhibit some noise
reduction and permit the desired parametric sudy. The purpose of this paper isto summarize the results of this experiment as
well asfurther flow field results from UCI to highlight some of the anomaliesin the effect of the wedge and provide a
discussion and anaysis.

2. Experimental Facility

Figure 1 shows the GRC open jet facility.® A pictureis shown in Fig. 1(a) while Fig. 1(b) shows the essential
contours of the coannular nozzle. The primary (inner) nozzle is connected directly to the 30 inch diameter main plenum
chamber. Another annular plenum chamber, located just upstream of the nozzles, provides the outer (secondary) flow.
The outer flow, supplied by four equally spaced ports, is routed through contoured interior and screens to provide a
uniform velocity profile at the exit. For the present experiment, two inner nozzles are used; one is convergent (shown in
Fig. 1a) and the other convergent-divergent with a design Mach number of 1.5. Each has an exit diameter of 1.48 inch
and alip thickness of 0.03 inch. The outer annular passage is convergent. The diameter of the outer nozzle (Dy) is2.1
inch. The nozzles are essentialy ‘coplanar’ with the inner nozzle lip protruding 0.125 inch relative to the exit of the
outer nozzle. Theratio of primary-to-annular exit areais 0.92.

In the following, the subscripts ‘1’ and ‘2" are used to denote conditions in the inner jet and the outer annular
flows, respectively. The subscript ‘f' is used to denote the outer (fan) nozzle diameter. The parameter R (=M, /M)
denotes the ratio of the two Mach numbers at the exit of the nozzle. All data taken in this facility pertain to ‘isothermal’
flow, i.e., the total temperature is constant throughout and equal to that of the ambient.

Reference 9 provides a description of the UCI facility. As noted earlier some data from a recently completed
test in the GRC Aeroacoustic Propulsion Laboratory (‘Dome’) will also be discussed; a description of the latter may be
found in Ref. 6. The nozzlesin the open jet facility (Fig. 1) are about 3 times larger than the UCI nozzles. The nozzles
inthe ‘Dome’ are roughly 8 times larger than the UCI nozzles.

Figure 2 shows a schematic of the 3BB-type nozzle fitted with awedge. All wedges considered in this sudy are
‘interndl’, filling the annular passage with its base located at the fan nozzle exit. A picture of the small-scale 3BB nozzle used in
the UCI experiment isshown in Fig. 3. The origind 3BB nozzle was used in the study of noise reduction by chevrons and tabs
in the GRC Dome.® Figure 2 also shows the definitions of the polar angle (6) and the azimuthal angle (¢) for the noise
measurement location.

3. Reaults

Figure 4 compares overal sound pressure level asafunction of &for the UCI 3BB nozzle with and without awedge.
The dataare for smulated hot primary flow (using helium mixture) with an outer-to-inner velocity ratio of 0.73. It can be seen
that the noise has decreased dramatically in the entire downstream half. Thisis significant sSince most noise reduction devices
are known to be effective at shallow angles at the expense of being noisier near 6=90°.

Figure 5 compares power spectrad dendity at indicated microphone locations with and without the wedge. The wedge
in both sets of data hasahaf angle of 11° and its base width is 2.6 times the height of the annular gap. The top figure shows
datafrom the UCI experiment. A large reduction in the noise intendities is observed over the entire bandwidth at both ¢=0°
(‘flyover’) and ¢=60° (‘sdeline’) locations. The figure at the bottom shows corresponding data obtained in the recently
completed ‘ offset stream technologies (OST05)’ test in the GRC Dome. The two sets of data are plotted in identical format with
appropriate conversion. For these data the pressure ratios for core and fan streams are 1.69 and 1.83, respectively; the
temperature ratio for the core Sreamis 2.8. The pressure ratios were the same in the UCI datawhile temperature effect was
smulated by helium-air mixture. The GRC data show asimilar trend. However, the attenuation is confined to low frequencies
and not observed at high frequencies. Whether the scaed-up integrated noise over the entire radiation field (EPNdB) will
exhibit a clear benefit is currently being analyzed and will be reported in the future. Certainly, the general agreement at shallow



angular locations (6) is encouraging. Once again, it should be noted that the noise attenuation is on the ‘wedge away’ sde. In
both sets of data the noise intensities are consistently higher on the ‘wedge towards' ($=180°) side; these data not shown in Fig.
5for clarity.

Figure 6 shows a picture of the ‘ classic’ nozzle used in earlier UCI experiments. Asindicated before, the main
difference with the ‘3BB’ nozzleisin the contours near the exit. Here, the flow lines exiting the nozzle are near parald. When a
wedge (of same geometry asin Fig. 4) wastested with this nozzle the noise attenuation was not as much. Thisisshownin Fig.
7. The bypassratio and the exhaust conditions were the same asin Fig. 4. Y e, only margina noise attenuation occurred at
shallow angles at the expense of significant noiseincrease at larger € locations.

Before discussing the result on the effect of the wedge in the GRC open jet facility (Fig. 1), it isimportant to consider
the earlier result with the eccentric configuration in the same facility.® Note that there is no center plug and the flow goes
through alarge contraction before exiting with parald flow lines (Fig. 1b). Figure 8 compares sound pressure level spectrafor
the eccentric case (on the fat side of the annulus) with the concentric case. The set of data at thetop isfor aprimary jet Mach
number of 0.94. A small but clear noise reduction is noted, the overall sound pressure level (OASPL) dropping by 1.4dB. These
data are for aconvergent inner nozzle. The data at the bottom of Fig. 8 are abtained with the convergent-divergent inner nozzle.
It has the same outer contour so that the geometry of the annular passage remained the same. It has a design Mach number of
1.5 and the data are for operation at the design condition. A large decreasein the noise intensity is noted. OASPL has decreased
by about 5dB. These data confirmed earlier UCI observations with eccentric nozzles and provided confidence in the offset
stream concept for noise reduction.

The effect of awedge is explored with the same nozzles. The wedge is designed to have approximately the same base-
width-to-fan-diameter ratio as one of the casesin the UCI experiment, with 15° half angle. Figure 9 shows data for the wedge
case a aprimary jet Mach number of 0.94. The upper figureisfor outer-to-inner Mach number ratio, R~ 0.6. Here, another set
of datais shown with adightly increased outer flow so that the bypass ratio remained the same asin the no-wedge case. It is
clear that there is degradation in the noise characteristics. The wedge hasincreased OASPL by about one dB, asindicated. The
same observation is made for another set of dataat R~ 1.0, shown at the bottom of Fig. 9. (The wedge here is shown at the
bottom in contrast to Fig. 2 because the microphone location was above.)

Figure 10 shows corresponding data for the primary jet Mach number of 1.5. Recall that alarge noise reduction (5 dB)
was observed with the eccentric configuration. In contrast no effect is observed with the wedge. While these data are
qualitatively similar to the UCI ‘classic’ casethey arein stark contrast with the results from the 3BB nozzle.

A significant difference between the present and the 3BB case is the absence of the center plug. However, the fact that
the wedge was a so ineffective in the early UCI nozzle (fig. 6) seemsto suggest that the center plug may not be the source for
the difference. Asaready aluded to in the introduction the suspicion falls on the flow lines. Here and in the early UCI case, the
approach flow lines before the exit are near pardle. For the 3BB case the flow lines are significantly convergent.

Possible flow deflections by the wedge areillustrated in Fig. 11: () for the eccentric case, (b) for the wedgein the
‘cdassic’ caseand (c) for the wedge in the 3BB case. The upshot isthat with near paralld flow lines, the wedge merely deflects
the flow sdeways, as shown in (b). With the convergent flow linesthe flow is aso diverted downward, asshownin (c). Thus, a
thicker annular layer isformed underneath in the 3BB case but not in the classic case.

The postulation appears to be supported by Pitot probe surveys conducted recently at UCI. Normalized velocity
digtributions on a cross-sectional plane are compared in Figs. 12 and 13 for the classic and the 3BB cases, respectively. Here,
the distance x isreferred to the tip of the plug. Clearly, the wedge has caused alarge lateral spread in the classic case. The core
of thejet aso gppearsto be pushed down dightly, below the y=0 plane. The wedge has not caused as much overal spreading in
the 3BB case. Note, however, that the basdline cross-section for the latter (Fig. 13, top) isnot aslarge asin the former (Fig. 12,
top). Theless spreading could be either due to the convergent flow linesin the 3BB case or arelative differencein the plug tip
location. However, an increased downward spreading is discernible for the 3BB wedge case. Compared to the basdline (Fig. 13,
top) the wedge has resulted in a somewhat thicker shear layer underneath (Fig. 13, bottom). If alayer thicknessis defined from
the center of the core to the farthest contour in negative z, the thickness ratio between the wedge and no-wedge casesis about
1.07 inFg. 12. The sameratio turns out to be about 1.2 in the 3BB casein Fig. 13.

4. Conclusons
The phenomenon of directional noise attenuation for a coannular jet, caused by the placement of awedgein thefan
stream, is studied. Data from three different facilities and two different nozzle shapes are analyzed. The basic effect observed
with small-scale nozzles at UCI agrees with data from another facility having eight times larger nozzles. However, severa



anomalies are noted. In the larger jet, the attenuation is not as prominent and also fades away at high frequencies. In particular,
the wedge is found to be ineffective with nozzles having parald flow lines near the exit. Even though an eccentric placement of
these same nozzles produce a noise attenuation (on the thicker annulus Side), placement of awedge in fact has a detrimental
effect. In contrast the wedge is effective when the flow lines are convergent near the exit. It isthought that in the pardld flow
lines case the wedge simply causes alateral spreading of the flow. In the convergent case, the wedge also diverts the flow
downward forming the thicker annular layer underneath that is key to the noise attenuation seen on the ground. Flow field
survey results support this notion.
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Fig. 2 Schematic of coannular nozzle with center plug and a
wedge in the fan stream.
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Fig. 1 Coannular jet facility at NASA GRC. (8) Picture of the
facility. (b) Contours of the nozzle; dimensionsareininches.

Fig. 3 Pictureof UCI ‘3BB’ nozzle.
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Fig. 4 Overall sound pressure level versus polar angle for the
wedge case (UCI ‘3BB’ nozzle). The wedge has 3 mm base
and 5 mm length with 17° half-angle.
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Fig. 5 Sound pressure level spectra showing effect of wedge
at indicated microphone locations, for *3BB’ nozzle. Upper

figure shows data from UCI experiment, lower figure shows
datafrom GRC (' Dome’) experiment. Wedgesin the two are
geometrically similar with 11° haf-angle. Data referenced to

GRC fan diameter and 1 ft distance.

Fig. 6 Picture of ‘classic’ nozzle used in early UCI
experiments.
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Fig. 7 Overdl sound pressure level versus polar angle with
and without wedge (UCI ‘classic’ nozzl€). Same wedge
geometry asinFig. 4.
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Fig. 8 Comparison of sound pressure level spectrafor
eccentric and concentric casesat 6= 25°. Datafrom GRC
open jet facility (Fig. 1). Primary jet Mach number in upper
figureis 0.94 and that in lower figureis 1.5. Outer-to-inner
Mach number ratio, R~ 0.5.
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Fig. 9 Sound pressure level spectrawith and without wedge, ﬂ
6= 25°. Primary jet Mach number is 0.94. Upper figure: R~
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Fig. 11 Possible reason for difference in the effect. Deflection

of flow: (@) in the eccentric case, (b) with wedge in the
‘classic’ case, () with wedgeinthe ‘3BB’ case.
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Fig. 10 Sound pressure level spectrawith and without wedge
asin Fig. 6 for primary jet number 1.5; 6= 25°.
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Fig. 12 Contours of streamwise velocity, normalized by local
maximum, at x/D; = 4 for UCI ‘classic’ case. Upper figureis
for basdline and lower figure isfor wedge case. Same wedge
geometry asinFig. 4.
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Fig. 13 Contours of streamwise velocity, normalized by local
maximum, at x/D; = 4 for UCI ‘3BB’ case. Upper figureisfor
basdline and lower figureisfor wedge case. Same wedge
geometry asinFig. 4.



