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Passive Control of Supersonic Rectangular Jets
via Nozzle Trailing-Edge Modifications

M. Samimy,* J.-H. Kim," P. S. Clancy,i and S. Martens®
The Ohio State University, Columbus, Ohio 43210

A research program was carried out to explore the effects of nozzle trailing-edge modifications on the flow
structure, jet mixing with the ambient air, and jet noise of a rectangular supersonic jet. Nozzles with one modified
trailing edge were used with the intention of enhancing mixing and reducing noise. The modifications were simple
cutouts in the plane of the nozzle wall and acted to induce large-scale streamwise vortices. A rectangular jet, with
a design Mach number of 2 and with various trailing edges, was examined using optical diagnostics and noise
measurements in flow regimes ranging from moderately overexpanded M; = 1.5 to moderately underexpanded
M; =2.5. The results indicated that in nonideally expanded flow regimes, one could generate pairs of streamwise
vortices of various strength and sign and that the mixing could be significantly enhanced. The results also indicated
that the modifications could eliminate or at least substantially reduce screech noise and could significantly decrease
the overall far-field sound pressure level in the nonideally expanded flow regimes. In the ideally expanded flow
regime, the trailing-edge modifications did not seem to induce streamwise vortices and, thus, did not have a

substantial effect on the jet mixing or noise.

Introduction

ARGE-SCALE ring-type rollers in axisymmetric free mixing
layers and spanwise rollers in two-dimensional free mixing
layers are known to become much less organized and more three
dimensional as the compressibility level is increased.! > In highly
compressible free shear flows, this leads to reduced entrainment
and mixing* and also reduced Reynolds stresses.’~7 Therefore, it is
difficult to use spanwise or ring-type large-scale structures to con-
trol mixing processes in these flows. In contrast, longitudinal or
streamwise vortices seem to be unaffected or much less affected
by compressibility®-° In some flows, such as highly underexpanded
jets, streamwise vortices may be generated due to Taylor-Goertler-
type instabilities without any external device or force.'’” > Stream-
wise vorticescouldalso be generatedby simple devices,suchas tabs,
notonly in underexpandedjets butalso in subsonicand in ideally ex-
pandedsupersonicjets®?:!13 and evenin very-low-Reynolds-number
incompressible jets.'* At very low Reynolds numbers, streamwise
vortices are also generated by secondary instabilities.!* The pri-
mary focus of the present work was to induce large-scale stream-
wise vortices using nozzle trailing-edgemodifications in supersonic
jets issuing from rectangular nozzles. The ultimate goal was to ob-
tain mixing enhancement and noise reduction with a minimum loss
of thrust force. The trailing-edge modifications explored in this re-
search were all in the plane of the nozzle wall and thus parallel to
the flow. Therefore, it was anticipated that the thrust loss due to
these trailing-edge modifications would be much lower in compari-
son with that of other devices, such as tabs. The most recent results
indicate that these cutouts have negligible effect on the thrust.!6
Flows from modified axisymmetric nozzles have been studied in
supersonicjets,!” 2 in subsonic jets,”! and from modified rectangu-
lar nozzles in supersonicjets.2>2* However, all of these researchers
concentratedon noise and pressure measurements,exceptLongmire
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etal.,! who investigated subsonic jets. Detailed flow visualizations
and flow measurements were needed to complement the noise and
pressure results to further understand the effects of nozzle trailing-
edge modifications on the flow structure and mixing processes. One
of the goals of the present work was to acquire such flow visualiza-
tions and measurements.

The work herein was focused on rectangularnozzlesbecause they
have superior mixing and noise characteristics relative to axisym-
metric nozzles.>* 32 For the work presented, we selected a half-
nozzle geometry with a splitter plate on one side and a nozzle block
on the other side. The trailing-edge modifications were made only
on the splitter plate side (Fig. 1a). The location of the splitter plate
would have been the centerplane of the nozzle had this been a full
nozzle. There were two reasons behind this design. First, the design
ensured that the flow reached the nozzle design Mach number be-
fore approaching the trailing-edge modifications. The design Mach
number for the results presented was 2. In the research facility, the
flow reached Mach 2 at the nozzle exit on the nozzle side and over
4.4 cm upstream of the nozzle exit on the splitter plate side, along
the last characteristicor Mach line. The angle of this line for Mach
2 flow was 30 deg with respect to the flow direction. The nozzle exit
was 2.54 cm high and 7.52 cm wide. All of the modifications on the
splitter plate terminated 3.8 cm upstream of the nozzle exit and thus
0.6 cm downstream of the establishment of Mach 2 flow. Second,
the trailing-edge modifications in only one side allowed us to focus
on the induced flow structures due to these modifications alone and
to investigatethem in detail. The nozzle trailing-edge modifications
were simple cutoutsin the splitter plate. As shown in Fig. 1, various
cutouts were used. The reasons behind the selection of these cutouts
will be elaborated on. Note that rectangularnozzles have been used
in some recent advanced aircraft. The nozzles in these aircraft have
trailing edges formed from trailing-edge elements shown in Fig. 1.
However, there is no work in the literature detailing the flowfields
of such nozzles.

Experimental Facility and Techniques

The experiments were conducted at the Aeronautical and Astro-
nautical Research Laboratory at The Ohio State University. The air,
which was supplied by two four-stage compressors, was filtered,
dried, and stored in two cylindrical tanks with a total capacity of
42.5m? at 16.5-MPapressure. The air was then throttleddown to the
required stagnation pressure using control valves. The air entered
the 19-cm-diam and 120-cm-long stagnation chamber axially and
then passed through two sets of perforated plates before entering the
nozzle. The rectangular nozzle, with an aspect ratio of 3 (2.54 cm
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Fig.1 Schematic of the nozzle trailing-edge configurations.

high and 7.52 cm wide), was attached to the stagnation chamber
using a specifically designed faceplate, which provided a matching
profile for the nozzle inlet.

Schematics of the baseline nozzle and the 10 nozzles with the
modified trailing edges that were used in these experiments are
shown in Figs. 1b-11. As was discussed earlier, the baseline noz-
zle was a half-nozzle with a splitter plate of 1-mm thickness on
one side (Fig. 1a) and the supersonic nozzle block, 44-mm thick-
ness at the exit plane, on the opposite side. The thickness for the
other two sides, at the nozzle exit plane, was 19 mm. The rationale
behind this design was discussed earlier. It is known that the nozzle
lip thickness affects the screech noise because the upstream travel-
ing noise, generated by the unsteady interaction of large structures
with the quasistationary shock train in nonideally expanded flow
regimes, is scattered by the nozzle lip, and this scattered noise then
forces the shear layer of the jet.*> For the work presented here, the
overall effect of the nozzle lip thickness was investigated by replac-
ing the splitter plate of the baseline nozzle with a thick lip plate in
some experiments. Each nozzle was operated at five nozzle pres-
sure ratios, corresponding to fully expanded jet Mach numbers of
1.5,1.75,2.0 (design Mach number), 2.2, and 2.5. The splitter plate
modifications were combinations of simple serrations on the split-
ter plate. The angle of the serrations with respect to the spanwise
directionranged from 35 to 90 deg.

Cross-sectional and streamwise images of the jet were acquired
using the laser sheet illumination technique. The scattering parti-
cles were condensed water particles with diameters on the order of
50 nm, which were formed when the moist and warm ambient air
was entrained into and mixed with the dry and cold jet air. A beam
from the second harmonic (A =532 nm) of a frequency-doubled
Nd:YAG pulsed laser was used to form a light sheet. The pulse
width of the laser was 9 ns, so that the flow was effectively frozen
while an instantaneous image was acquired. For each case, 50 in-
stantaneousimages were collected by an intensified charge-coupled
device ICCD) camera and were stored on the hard disk of a 486
personal computer. Average images were calculated from these 50
instantaneousimages.

Near- and far-field noise was measured by two B&K Model 4135,
6.35-mm-diamcondensermicrophones. The microphones were om-
nidirectional within 3, 6, and 12 dB up to 12.5, 20, and 31.5 kHz,

respectively. However, in the noise measurements reported herein,
the directivity was within 1 and 2.5 dB up to 20 and 31.5 kHz,
respectively, because the microphone axis angle relative to the jet
noise sources was less than 40 deg. Each microphone was attached
to a B&K Model 2633A preamplifier. The signals from both mi-
crophones were amplified by a B&K Model 5935 dual-microphone
amplifier. The acoustic signals were acquired by an A/D board at a
sampling rate of 100 kHz per channel. The acoustic data were saved
on the hard disk of a 486 personal computer; 100 blocks of 4096
samples were acquired with a correspondingtotal sampling time of
4.096 s. By using a B&K-type 4231 sound level calibrator, which
is an electronically driven constant-sound-levelgeneratorat 1 kHz,
eachmicrophonewas calibrated afterthe acquisitionof each dataset.
For the far-field noise measurements, both microphoneswere placed
30 nozzle equivalentdiameters, Do, = (4A,/7)"/? = 4.96 cm, away
fromthe jet centerlineon the jetexit plane: one on the major axis and
the other on the minor axis of the nozzle. To determine the changes
in the screech mode due to the modification of the nozzle trailing
edge, limited near-field noise measurements were also performed.
For acoustic measurements, the face of the stagnation chamber and
all of the nearby surfaces were covered with acoustic foam to re-
duce acoustic reflections. Note that the jet facility was not located
within an anechoic chamber. Therefore, the acoustic measurements
reported herein are intended only for comparison of the effects of
different trailing-edge modifications on the overall acoustic field.

Experimental Results

In the planning and design phases of the experimental work, it
was conjectured that the serrations or cutouts in the splitter plate
would induce longitudinal (or streamwise) vortices in the nonide-
ally expanded flow regimes, and in a given flow condition, the sign
of vortices for nozzles3, 5,9, and 10 (group A) would be oppositeto
those for nozzles 4, 6, 7, and 8 (group B). In addition, it was postu-
lated that the cutouts would triggerand/or enhancespanwise oblique
structures believed to exist in the highly compressible mixing lay-
ers of the jet.! ~3-3* Both issues are discussed subsequently. First, the
results on the generation of streamwise vortices will be discussed.
Then, the effects of cutouts on the oblique spanwise structures, the
overall entrainmentand mixing, and the jet noise will be addressed.

Streamwise Vortices

In axisymmetric jets with vortex-generating tabs located at the
exitof the nozzle,Zaman et al.? identified two sources of streamwise
vorticity. Source 1, which was the dominantof the two, was the span-
wise pressure gradientin front of the tab. Source 2 was the shedding
of vorticity from the sides of the tab. Only in some tab configurations
did the streamwise vorticity from both sources have the same sign
and seem to reinforce each other. At very low Reynolds numbers
in incompressible flows, Reeder and Samimy'* identified a third
vorticity source, which was the wrapping of the incoming boundary
layer to generate a pair of horseshoe vortices. In the trailing-edge
configurations tested herein, a simple experiment was conducted to
examine the presence of source 1. In the experiment, seven pressure
taps aligned in the spanwise direction immediately upstream of the
cutouts in nozzles 3 and 4 did not show an appreciable spanwise
pressure gradient. Thus, the presence of source 1 was ruled out.
Recall that in the case of Zaman et al.? the tabs were protruding
into the flow. Thus, one would expect a spanwise pressure gradient
in front of the tabs. In the present experiments, the cutouts were in
the plane of the nozzle, rather than protruding into the flow. There-
fore, one would not expect a spanwise pressure gradient. Therefore,
one would anticipate only source 2 to be present in both the ide-
ally expanded and nonideally expanded flow regimes. The shed
vorticity would then go through stretching and tilting, as will be
discussed.

As shown schematically in Fig. 2, sheets of vorticity are contin-
uously shed from the sides of the cutouts. This is source 2, as was
discussed. If one takes a vortex filament from this vortex sheet, it
is initially aligned with the side of the cutout (and possesses both
Q, and Q. components in this specific configuration). However, as
it convects downstream, the €2, component is reoriented by the ve-
locity gradient dU /dz. Bradshaw®® called this mechanism of mean
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Fig. 2 Schematic of vortex shedding from the
trailing edge.

vorticity generation skew-induced generation. The shed vorticity
shown in Fig. 2 could originate from two sources. Source 2a is the
vorticity in the boundary layer in a typical subsonic jet or in the
ideally expanded supersonic jet. In the underexpanded or overex-
panded flow regimes, there would be a significant pressure gradient
aligned with the trailing-edge cutout3® This would generate addi-
tional vorticity, which is source 2b. Obviously, both sources 2a and
2b would exist in the nonideally expanded flow regimes.

Equation (1) is the transport equation for the mean vorticity in
compressible flows.?” The streamwise component of this equation
indicates the inviscid nature of this streamwise vorticity generation
process and how the velocity gradientin the shear layer converts €2,
into 2, :

D Q 1 1
(—/,0) =—-VV - —V(—)xVP-i—viscousterm (1)
Dr P o \p
DQ./p) _ 23U , 2,3V QU
Dt T op dx o ady p 0z
+ baroclinic term + viscous term 2)

The baroclinic term is a compressible flow phenomenon. Earlier
work showed that the overall effects of tabs on the jet cross section
were similar in compressible and incompressible jets.®:? Thus, the
baroclinicterm is assumed to be smaller in comparison with the vor-
tex stretching term (first term on the right-hand side) and with the
vortex tilting and reorientation term (third term) in Eq. (2). As the
flow exits the nozzle in the underexpanded flow regime, there is a
flow accelerationin the streamwise direction with a significant den-
sity drop. Conversely, there is a flow decelerationin the streamwise
directionin the overexpandedflow regime with a significant density
increase. In a simple two-dimensional expansion or compression,
one could show that the effect of density would outweigh the effects
of expansion in the vortex stretching term.' However, it is very dif-
ficult to assess this term in more complex three-dimensional cases
of interest herein. Therefore, we will assume that the effects of the
vortex stretching term are also negligible in comparison with those
of the vortex reorientation term.

With these assumptions, the generation of streamwise vorticity
duetothetrailing-edgemodificationscanbe explainedusing Eq. (1).
Good agreementbetween the trends in the experimentalresults pre-
sented later and those of the predictionsbased on Eq. (1) lends cred-
ibility to these assumptions. Looking at the cutouts shown in Fig. 1,
it becomes obvious that, in nozzles 5 and 6 with 90-deg cutouts,
there is no need for the reorientation of the shed vorticity filament,
as it is already aligned with the streamwise direction. For the other
nozzles with angles ranging from 35 to 55 deg, the vorticity filament
must be reoriented by the velocity gradients in the shear layer, as
indicated in Eq. (1).

To increase the entrainment and mixing via streamwise vortices,
each pair of vortices must be sufficiently large and strong, and the
vortices in each pair must be placed reasonably far apart from each
other (especially when they rotate toward each other) and from other
streamwise vortices in the flow. Vortices placed near each other
would interactin a destructive manner when they rotate toward each
other, earlier in their development stage, and this interaction would
limit their growth and, thus, their entrainment potential. For given
nozzle operating conditions, the angle and the depth of the cutouts
in Fig. 1 are the geometrical parameters that would affect the char-
acteristics of streamwise vortices generated by these cutouts, i.e.,
the size, the strength, and the distance between the vortices in the

Nozzle 1

Nozzle 4

x =1D,,

x =5D,,

Fig.3 Average cross-sectional images at two downstream locations for
nozzles 1 and 4.

pair. For example, both nozzles 1 and 4 have 45-deg cutout angles.
However, the depth of the cutouts for nozzle 4 was twice that of
nozzle 1. Thus, streamwise vortices generated in nozzle 1 would be
smaller scale and closer to each other in comparison with those of
nozzle4. Figure 3 shows the jet cross sections for a slightly underex-
panded flow (Mj =2.2) for these two nozzlesat 1 and 5 nozzle exit
equivalent diameters D, downstream of the nozzle exit. The im-
ages, which are the average of 50 instantaneousimages, indicate the
average mixing region, where the moist ambient air has been mixed
with the cold and dry jet air to generate condensed water particles
that scatter the laser light. These particles were very small, with a
diameter on the order 50 nm, and were expected to follow the flow.?

For nozzle 1, as shown in Fig. 3, initially there are two pairs of
streamwise vortices. Note that the flow-visualizationtechnique used
herein cannot directly measure streamwise vortices. However, the
existenceof streamwise vortices can be inferred from their effects on
the jetcross section. We have successfullyused this type of inference
in the past. In a recent work, we made some streamwise vorticity
measurements in a supersonic jet with a single tab.* The results
were consistent with the inference that was used in the past.®-%:14
The vortices in each pair are smaller and closer to each other but
have the same strength as the pair of vortices in nozzle 4. Each
pair is pulling and stretching the jet cross section (ejecting the jet
air into the ambient) and forming a V shape. Farther downstream,
the two pairs in nozzle 1 interact, merge by 5D, and become less
effectivein the large-scale mixing of the jet air with the ambient air.
However, the pair of vortices in nozzle 4 continuesto grow and mix
the jet and ambient air at 5 D.q. Therefore, the impact of streamwise
vortices on the overall mixing, and on the acoustic field, should be
much greater in nozzle 4 in comparison with nozzle 1. Based on
these results, it was decided to fix the depth of the cutouts at 3.8
cm and to change the strength and the distance between a pair of
streamwise vortices by using the angles of the cutouts. The mixing
performance of nozzle 2 was comparable to those of nozzles 3 and
4 up to several jet diameters but dropped off farther downstream
The variables associated with this nozzle were not easy to fit into
a simple test matrix. Therefore, the discussion will focus on the
baseline nozzle and nozzles 3-10. Nozzles 3, 5,9, and 10 (group A)
and nozzles4, 6,7, and 8 (group B) were chosento generate vortices
of opposite sign to evaluate the effects of entrainmentvs ejection in
a given flow regime. Various cutout angles were used because the
cutout angle determines the strength of the streamwise component
of shed vortices for a given flow condition, as already discussed. It
was thought that the various spanwise-obliqueangles from 35 to 55
deg would also help to shed some light on the excitation of oblique
spanwise structures, as will be further discussed later.
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Flow-Visualization Results

Figures 4 and 5 show instantaneous and average jet cross-
sectional images for the baseline nozzle and nozzles in group A
[3(45 deg), 5(90 deg), 9(55 deg), and 10(35 deg)]. These instanta-
neous images are typical: All contain structures with scales as large
as and often even larger than the average thickness of the mixing
layer and extend far beyond the mixing region. The average images
are ensemble averages over 50 instantaneous images. The overall
jet cross-section deformations appear to be quasi-spatially station-
ary for this location. The differencesin the jet cross sections at the
ideally expanded flow regime, M; =2.0, for various nozzles are

M= 15
M, =175
M;=2.0
M=22
M, =25

Baseline Nozzle Nozzle 3

Nozzle 5

minor. This is consistent with the hypothesis on the generation of
streamwise vortices, as discussed earlier. It also indicates that these
cutouts do not affect, in a measurable way, the spanwise structures.
This issue will be further discussed later.

Itis known that a pair of streamwise vorticesis generated at each
corner of a rectangular nozzle >? Evidence of corner vortices in the
baseline case is presented in Figs. 4 and 5 for M; =2.5 only. By
X/Deq =2, it is not clear if two pairs from adjacent corners have
merged to form a single pair that pulls and stretches the jet along
the major axis. The effects of these streamwise vortices would be
similar on the jet cross section with or without the pairing.
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Fig.4 Instantaneous cross-sectional images for the baseline and group A nozzles at x = 2D.q.
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Fig.5 Average cross-sectional images for the baseline and group A nozzles at x = 2D.q.
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The streamwise vortices due to the cutouts in the overexpanded
flow regime are weaker, most probablydue to the lower surface pres-
sure gradients normal to the cutouts in comparison with those in the
underexpandedflow regime *® The vorticesin the pairare also closer
to each other as the jet cross section is compressed, in comparison
with those generated in the underexpanded cases as the jet cross
section is expanded. Both effects render the vortices in the over-
expanded case to be less effective in deforming the jet cross section.
For the modified nozzles, the direction of the vortices and, thus, the
direction of the deformations change from the overexpanded cases
to the underexpandedcases. This is intuitive because the direction of
the surface pressure gradient changes from the overexpanded cases
to the underexpanded cases due to the boundary conditions at the
nozzle exit.

As was discussed earlier, for each one of the group A nozzles in
the underexpanded flow regimes shown in Figs. 4 and 5, there is
a pair of streamwise vortices, both rotating toward the minor axis
of the jet. These vortices entrain ambient air into the jet. Note that,
due to the nature of the technique, the visualizations detect only
the portion of the mixing layer between the jet and the ambient air
that has condensed water particles from the mixing of the moist
and warm ambient air with the cold and dry jet air. Therefore, the
technique could not directly visualize streamwise vortices in all
cases, but their presence could easily be inferred from some of the
images. The images such as those for nozzle 5 at M; =2.2 and
2.5, for example, display convincing evidence for the presence of
streamwise vortices. In the overexpanded case with M; =1.75 for
each nozzle, there is a pair of vortices with signs opposite to those
of the underexpanded cases. These vortices eject the jet air into the
ambient and stretch the jet cross section along the jet minor axis.
However, the picture is not as clear for the M; = 1.5 cases, as the
strong pressure gradient at the nozzle exit compresses the jet cross
section and constrains the growth and development of streamwise
vortices.

Figure 6 showsthe averagejetcross-sectionalimages for the base-
line nozzle and group B nozzles [4(45 deg), 6(90 deg), 7(55 deg),
and 8(35 deg)]. The main difference between these nozzles and the
group A nozzles is that the cutouts were inverted. In the interest of
space, the instantaneousimages for these nozzles are not presented.
The comparison between the average and instantaneousimages for
these nozzles is similar to that shown in Figs. 4 and 5 (Ref. 41).
Comparing the images shown in Fig. 6 with those in Fig. 4, one
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notices, as expected, the change in the direction of rotation of the
dominantstreamwise vortex pairs and the jet cross-sectiondeforma-
tion for the inverted cutouts. For example, in underexpanded flow
regimes for nozzle 5, the vortices are rotating toward the jet minor
axis and, thus, entraining the ambientair into the jet; in nozzle 6 they
are rotating away from the minor axis and, thus, ejecting the jet air
into the ambient. Another differenceis that, even at the moderately
overexpanded flow condition of M; = 1.5, the streamwise vortices
for nozzle 6 are quite strong in comparison with those of nozzle 5.

As was discussed earlier, the depth of the cutouts was fixed for
nozzles 3-10. Therefore, for nozzles 3, 4, and 7-10, the angle of the
cutoutscontrols the strength of the vortices and the distance between
two adjacent vortices. For nozzles 5 and 6, the angle of the cutouts
still controls the strength of the vortices, but the width of the cutouts
(or tabs) controls the distance between two adjacent vortices. In the
present experiments, the cutout (or tab) width for nozzles 5 and 6
was 2.54 cm (% the span of the nozzle). In the group A nozzles,
nozzle 5 with 90-deg cutout, and in the group B nozzles, nozzle 6
with 90-deg cutout generate the strongest vortex pair. The results
shown in Figs. 4-6 confirm the assertion from Eq. (1) that nozzles 5
and 6, due to the alignment of the cutouts with the vorticity source,
would generate much stronger streamwise vorticity in comparison
with all other nozzles with angles ranging from 35 to 55 deg.

For any angles other than 90 deg, the angle of the cutouts deter-
mines not only the strength of the streamwise vortices but also the
proximity of the two vortices in a pair and, thus, the entrainment
(or the ejection) rate. For example, the two dominant vortices in
nozzle 7 with a 55-deg cutout are much closer to each other than
those in nozzle 8 with a 35-deg cutout. This factor, as well as the
vortex strength, would affect downstream development and mixing
of the jet. For a pair of vortices with circulation I' and distance r,
the entrainment (or ejection) rate is proportionalto I' /ry (Ref. 32).
Therefore, for a given I' (for example, in nozzles 5 and 6 for a fixed
M; ), a smaller r, would have more impact in the near field and a
larger ro more impact in the far-field flow structure and mixing.

Figures 7 and 8 show instantaneous and average images for the
baseline nozzle and nozzles 3-6 at eight equivalent jet diameters
downstream. There are very large structures in the instantaneous
images, some of which extend far beyond the mixing region. For
many of the instantaneousimages, one could notidentify the type of
the nozzle. By this location in the jet, there is not much qualitative
differencebetween the average jet cross-sectionalimage for nozzles
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Fig. 6 Average cross-sectional images for the baseline and group B nozzles at x = 2D.,.
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Fig.7 Instantaneous cross-sectional images atx = 8D..
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Fig.8 Average cross-sectional images at x = 8D..

3 and 5 and 4 and 6. Axis switching has occurred for all of the
modified nozzles in the moderately underexpanded M; =2.5 case.
There is strong interaction between two adjacent vortices in nozzles
3 and 5 for this flow condition. The dominant vortices in nozzles
4 and 6 continue stretching the jet along the jet minor axis in the
underexpanded flow regimes.

Spanwise Structures

For a Mach 2 jet issuing into ambient air in the present experi-
ments, the convective Mach number in the mixing layer of the jet
was approximately 0.85. This correspondsto an angle of 45 deg for
the most amplified oblique instabilities according to the theoretical

work of Sandham and Reynolds>* In choosing the cutout angles
in the nozzle trailing-edge modifications, the goal was not only to
generate streamwise vortices but perhaps also to trigger and ex-
cite the oblique spanwise structures. It is important to note that the
phenomenon of gradual switching from two-dimensional instabil-
ities to oblique instabilities in free mixing layers, as the convec-
tive Mach number increases beyond approximately 0.6, has been
widely reported in the literature based on theoretical and computa-
tional work 3+42=% However, the experimental results confirm the
transitionfrom more organized two-dimensional structures to three-
dimensionaldisorganizedstructuresratherthan to organized oblique
structures.' ™
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Fig.9 Average cross-sectional images for the perfectly expanded flow
atx/Deq = 1,5,10, and 15.

In preliminary experiments, only 45-deg angle serrations were
used (nozzles 1-4). Figure 9 shows the average cross-sectionalim-
ages for the baseline nozzle and nozzles 1-4 in the ideally expanded
flow regime in four streamwise locations. Recall that any change in
the mixing layer or the jet cross section in the ideally expanded
case would come from either excitation of oblique structures or
streamwise vorticity generated by the cutouts or a combination of
both. As was discussed earlier, the streamwise vorticity for the ide-
ally expanded flow regime is much weaker than the nonideally ex-
panded flow regimes. At x/D.q = 1, the baseline nozzle shows an
almost perfectly rectangular mixing region. This continues until
X /Dq = 10. The other nozzles show some variations in their mix-
ing region on the side corresponding to the different trailing-edge
modifications. The thicker portions of the shear layer correspond to
the locations of the cutoutsin the trailing edge. These variations are
not thought to be due to the excitation of oblique instability modes
but simply due to the earlier formation of the shear layer in the
cutout regions, allowing more distance for the shear layers to grow
by a given x location, in comparison with the mixing layer of the
baseline case. At x/D.q = 15 all of the nozzles show elliptical jet

cross section with little evidence of the potential core. Again, these
images show little difference in the width of the shear layers, al-
though at x /D.q = 15 for nozzle 3, the shear layer is slightly thicker
than the others. An interesting observationis that there is no sign of
axis switching for any of the nozzles up to 15 equivalentdiameters
from the nozzle exit for the perfectly expanded flow regime.

In the present experiments, we also used 35- and 55-deg cutouts
(nozzles 7-10). Qualitatively, the average images in the ideally ex-
panded flow regime for these nozzles in Figs. 5 and 6 do not show
any measurable change in the mixing layer or in the jet cross section
that one could attribute to the excitation of oblique spanwise struc-
tures. Therefore, contrary to our expectation, the cutouts did not
seem to excite spanwise oblique structures in the ideally expanded
case.

Overall Mixing

To assess the overall mixing performance of the nozzles with var-
ious trailing-edge modifications, one must determine the extent of
the mixing region between the jet and the ambient air. For the rea-
son discussed next, the calculations must be done on instantaneous
images. Then, the average overall mixing must be calculated from
the instantaneousmixing. The averageimages for M; = 1.75 for the
baselinenozzleshowninFigs. 5 and 6 indicatea thickermixing layer
in comparison with that of the other nozzles. However, the jet for
this case was screeching and flapping.*> The instantaneous images
for this case clearly indicated the effects of this flapping motion,
which causes an alternating preferential entrainment and mixing on
one side or the other of the mixing layer. Because of this flapping
motion, the average jet mixing layer thickness may appear to have
increased when in actuality the thickened mixing layer was due to
the flapping motion. Therefore, the more accurate calculationof the
mixing is to determine the instantaneous mixing first and then to
average the instantaneous values to determine the average mixing.

To calculate the average overall mixing area, a threshold intensity
level of approximately four times the backgroundlevel was chosen.
Then any pixel in an instantaneousimage that had an intensity level
higher than this threshold level was counted as a part of the mixing
region. First, the instantaneousmixing area was obtained by adding
all of the pixels registering an intensity level above the threshold
level. Then the average overall mixing area was obtained as an
ensemble average of the 50 instantaneous mixing areas. It should
be emphasized that this is an approximate measure of the mixing
performanceof the nozzlesand a good tool for comparisonpurposes.
Itis by no means a quantitativetechnique for mixing measurements.

In calculating the mixing areas shown in Fig. 10, we first divided
the image for the ideally expanded flow regime along the major
axis into two regions; one half was affected and the other half was
unaffected by the trailing-edgemodifications. Then, we doubled the
mixing area in the unaffected half and used it to normalize all of
the mixing areas for that nozzle operating in various flow regimes.
The reason for this normalization was that the mixing area was
visualized based on condensed water particles within the mixing
area. These particles were by-productsof the mixing of the cold and
dry jetair with the warm and moist ambient air. It is believed that the
extentof the mixing obtained from the visualizationwould, to some
degree,depend on the ambient temperature and humidity levels. The
experiments were conducted in a laboratory environment with no
control on these two parameters over a period of several months.
Therefore, normalizing the mixing area, as done in Fig. 10, would
remove this ambiguity.

Figure 10 shows the overall mixing area for each nozzle at five
different flow conditions in the jet near-field region (2D,,). As one
observes visually from the images, the effects of various cutouts in
the ideally expanded flow regime are relatively small in comparison
with those in the nonideally expanded flow regimes. In the latter
cases, mixing enhancementup to 50% could be seen, and nozzles 5
and 6 outperformed all of the other nozzles in underexpanded and
overexpanded flow regimes, respectively. Recall that the vorticity
transport equations [Egs. (1) and (2)] predicted that nozzles 5 and
6 would generate the strongest streamwise vortices, and this was
confirmed qualitatively by visualizations shown in Figs. 4-6. No-
tice that, comparing the performance of nozzles in group A (nozzles
3,5,9, and 10) and in group B (nozzles 4, 6, 7, and 8), the former
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Fig. 10 Variations of mixing area with the fully expanded jet Mach
number at x/Deq = 2.

has, in general, superior performance in the underexpanded flow
regime, whereas the latter has superior performance in the over-
expanded flow regime. The streamwise vortices generated by the
cutoutsin group A nozzles entrain the ambient air into the jetin the
underexpanded flow regime, whereas in the group B nozzles, they
entrain the ambient air into the jet in the overexpanded flow regime.
Therefore, it seems that, in the near-field region, entrainmentrather
than ejection is more beneficial to mixing. This seems to be true in
the jet near field. However, the results for the jet far field, presented
next, are somewhat different.

The procedurejustoutlinedcould notbe used fartherdownstream,
where the cutouts affect the entire cross section of the jet, as seen
in Figs. 7 and 8. We noticed the effects of the ambient tempera-
ture and humidity after all of the data were taken. For future work,
however, the plan is to take a baseline case just prior to or just after
each test so each case could be normalized with the baseline case
subjectedto the same environmental conditions. Because the results
presented in Fig. 10 showed that the cutouts have minor effects in
the ideally expanded case, for 8 D¢q results (Figs. 7 and 8) it was
decided to normalize the mixing region for each nozzle in different
flow regimes with the mixing region for the same nozzle in the ide-
ally expanded flow regime. The results for the baseline nozzle and
nozzles 3-6 are shown in Fig. 11. This normalization might affect
the results by 5-10%, but it should not change the overall trend
in a major way. At this jet far-field location, the cutouts still show
mixing enhancement of over 50%, and nozzles 6 and 4 outperform
nozzles 3 and 5. At this location, nozzle 6 seems to outperform
nozzle 5, even in the overexpanded flow regime. Our recent work
in two more axial locations confirms the general trends observed
herein !¢

Jet Noise

In this section, the far-field noise results for the baseline nozzle
and nozzles 1-4 will be presented and discussed briefly. More de-
tailed treatment of the far-field noise and also the near-field results
can be found in Ref. 45.

Two microphones, both located on the exit plane of the jet, 30 D
from the jet centerline, one on the minor and the other on the major
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Fig. 11 Variations of mixing area with the fully expanded jet Mach
number at x/Deq = 8.

axis of the nozzle, were used for far-field acoustic measurements.
Both microphones showed very similar power spectra. In addition,
the overall sound pressure level differences between the two mi-
crophones were within the repeatability level of the measurements,
which was approximately 0.6 dB. Therefore, only the results from
the microphone on the minor axis will be presented and discussed.
The standard sound pressure level spectra for all five operating flow
conditionsfor the baselinenozzleand nozzles 3 and 4 were obtained.
Screechwas observedonly in the overexpandedMach 1.75 case with
the first to fifth harmonics of the screech tone being noticeablein the
spectrum. In the Mach number 1.5,2.2, and 2.5 cases, the broadband
shock noise was relatively well defined, with no noticeable screech
tone. For these cases, either the screech feedback loop was not fully
closed or the screech was not sufficiently strong to register at the
microphone location, which was 90 deg to the jet axis. It is known
that the second harmonic of screech peaks at 90 deg, whereas the
first harmonic peaks at an angle of about 150 deg from the jet axis.'®
Replacing the thin-lip (1-mm-thick) baseline nozzle with a thick lip
(4.4 cm), the change in the overall sound pressure level was within
the repeatability of the measurements. A noticeable difference was
that, in the thick-lip case, a relatively weak screech appeared for the
slightly underexpandedcase of Mach 2.2. As was discussed earlier,
the thick lip provides a larger area and, thus, stronger scattering of
the upstream traveling shock-associatednoise. This would translate
into perhaps a more effective forcing of the shear layer of the jet
and, thus, the appearance of screech tone.

For the screeching case of Mach 1.75, nozzle 3 eliminated the
screech tone, and nozzle 4 substantiallyreduced its amplitude. Noz-
zles 1 and 2, however, either did not affect or only slightly affected
the screech tone. Figure 12 shows the overall sound pressure level
for the baselinenozzle with thin and thick lips and for nozzles 1-4 at
all five operating conditions. As can be seen, none of the nozzles af-
fected the overall sound pressure level for the ideally expanded flow
regime. As was discussed earlier, this is not surprising because the
streamwise vortices are very weak or not existent for this operating
regime, and apparently, the cutouts do not seem to affect the span-
wise structures. Nozzle 3 was the only one that affected the overall
sound pressure level in all off-design conditions in a considerable



1238 SAMIMY ET AL.

140
A Baseline, Thick Lip @
O: Boseline, Thin Lip v
...... O: Nozzle |
v: Nozzle 2
______ X: Nozzle 3
®: Nozzle 4
135
X
A
i 5]
= 130 =
[72]
[
&
X
A
H
125
120
1.4 1.6 1.8 2 2.2 2.4 2.6

Fully expanded jet Mach number

Fig.12 Far-field noise variations with the jet Mach number.

way: approximately2.7-dBreductionin the overexpandedcases and
1.2-dBreductionin the underexpandedcases. Nozzle 3 not only ef-
fectivelyeliminated the screech tone but also reduced the broadband
shock-associatednoise.

The reader should be reminded that in these experiments one side
of the nozzle was modified; thus, the effects of the modified geome-
tries on the flowfield could be isolated to understand the physics
of the flowfield. However, all four sides of the nozzles could be
modified to obtain much better performance. Obviously, this is not
a linear process, but one would expect to see much larger effects
when all four sides of the nozzle exit are modified judiciously. Fur-
ther results on the far-field and also near-field noise can be found in
Ref. 45.

Conclusions

An extensive research program was carried out to explore the ef-
fects of nozzle trailing-edge modifications on the flow structure and
mixing performancein rectangular supersonicjets. Several nozzles
with one modified trailing edge were used to generate large-scale
longitudinal (or streamwise) vortices to enhance mixing and reduce
jetnoise. The trailing-edge modifications were simple cutouts in the
planeof thenozzle wall and acted to induce streamwise vortices. The
flow structure, mixing performance, and jet noise of a rectangular
nozzle with design Mach number 2 and with various trailing edges
were examined using optical diagnostic techniques and acoustic
measurements in flow regimes ranging from moderately overex-
panded M; =1.5 to moderately underexpanded M; =2.5. The re-
sults indicated that, in the nonideally expanded flow regimes, one
could generate pairs of streamwise vortices of various strength and
sign. These vortices would increase entrainment and ejection and
also would increase the jet interfacial area, thus increasing the over-
all mixing and reducing noise, in some cases. The mean streamwise
vorticity transport equation was used to describe the generation of
these vortices. The sign and the strength of the streamwise vortices
generated by the cutouts were consistent with the prediction of this
equation. The trailing-edge modifications did not seem to induce
streamwise vortices nor to excite spanwise oblique structuresin the
ideally expanded flow regime and, thus, did not have a considerable
effect on mixing or noise for this case.
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