
AIAA JOURNAL
Vol. 37, No. 8, August 1999

Technical Notes
TECHNICAL NOTES are short manuscripts describing new developments or important results of a preliminary nature. These Notes cannot exceed 6 manuscript
pages and 3 � gures; a page of text may be substituted for a � gure and vice versa. After informal review by the editors, they may be published within a few
months of the date of receipt. Style requirements are the same as for regular contributions (see inside back cover).

Elimination of Screech Tone Noise
in Supersonic Swirling Jets

Ruey-Hung Chen¤ and Young-Kil Yu†

University of Central Florida,
Orlando, Florida 32816-2450

Introduction

S CREECH tone noise occurs in supersonic jets as a result of
the interaction of the instability wave emanating from the jet

exit and the quasiperiodicshock cell structure (see, for example, the
review paper of Ref. 1). Speci� cally, screech noise has its origin
residing in the region of the fourth and � fth shock cells. Most of
the existing literaturedealswith screech tone characteristicsof non-
swirling jets with various jet nozzle exit geometries. The potential
of being able to control and even eliminate such noise may yield
environmental bene� ts and increased airworthiness.2

The periodic shock structure and screech tone noise and mode
characteristics of supersonic swirling jets have recently been do-
cumented.3;4 The effects of swirl or swirl-generated � ow recir-
culation on screech tone noise were also speculated on by other
authors.5;6 Some of the documented screech tone characteristics3;4

are similar to those of nonswirling jets, primarily because the
quasiperiodicshock cells exist beyond the � fth shock cell, just as in
nonswirling jets.1 The eliminationof shock cells downstreamof the
fourth shock cell appears to be necessary for screech tone elimina-
tion. Highly underexpandednonswirling jets may not have screech
tones, primarily because the strong shock disk leads to the disap-
pearanceand/or weakeningof the downstreamshock waves.7 Using
various nozzle exit geometries may not be effective in eliminating
screech tone noise.8 Because swirl is known to cause � ow recircu-
lation and enhance mixing in both subsonic and supersonic circular
jets,9¡12 it may help to eliminate shock cells that are necessary for
screech tone generation. It is of interest to investigate whether the
screech tone can be eliminated by increasing the strength of swirl
beyond those reported in Refs. 3 and 4.

Experiment
The nozzle used for the experiment, exactly the same as that in

Ref. 3, is shown in Fig. 1. The jet � uid is air (at a nominal 298 K
in the reservoir) with a manifold connected to the tangential and
axial inlets to the nozzle. The ambient � uid is also air. To increase
the strength of swirl, two diametrically opposite tangential inlets
were used in this study (four were used in Ref. 3). A geometrical
swirl number Sg is de� ned as Sg D .¼r0 R0=At /[mµ =.mµ C ma/],
where ma (D0 in the present study) and m µ are the mass � ow rates
through the axial and tangential inlets to the nozzle, respectively,
as described in Ref. 3. The values of the total area of tangential
inlets At is equal to ¼ D2

t =4 multiplied by the number of tangential
inlets used. Values of R0 and r0 are shown in Fig. 1. With these
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conditions, Sg (now D ¼r0 R0=At / was increased to 1.36 from 0.68
when four tangential inlets were used.3 A more frequently de� ned
swirl numberwould require measurementsof density and both axial
and tangentialvelocitycomponentsat the nozzleexit.9;13 We caution
that the de� nitionof most swirl numbers representsonly the integral
effects of the measured parameters.

The mass � ow rates for Sg D 1:36, in kg/s, are 0.0497, 0.0617,
0.0759, 0.0866, 0.0996, and 0.1144 for reservoir pressure ratio
Pr =Pa D 2:36, 3.04, 3.72, 4.40, 5.08, and 5.76, respectively.These
mass � ow rates are about 8% lower than those for Sg D 0:68 with
same pressure ratios, consistentwith results of increasing swirl pre-
viously reported.3;14¡16 The values of M j for corresponding non-
swirling jets with the same reservoir pressures ranged from 1.18 to
1.80. They were calculated using inviscid, one-dimensional, isen-
tropic � ow theory, as no simple calculations of M j could be done
for swirling jets because they are intrinsically three dimensional.

All details for acoustic measurements and the schlieren system
can be found in Ref. 3. The day-to-dayand run-to-runrepeatabilities
were observed within §5% for quantitative data such as pressure
and noise levels. The screech tone sound pressure level (SPL) re-
peatability was §1 dB (Ref. 3).

Results and Discussion
The results of SPL for Sg D 1:36 and Pr =Pa D 2:36 .M j D 1:18/

and 3.72 jets .M j D 1:51/ jets are presented in Fig. 2. For brevity,
spectra for higher pressure ratios are not shown. However, they re-
semble those shown in Fig. 2. At all values of Â studied, no distinct
peaks (i.e., screech tones and their harmonics) at discrete frequen-
cies f can be seen. These results appear to collaborate with the
observation that no shock cells exist downstream of the third or the
fourth cell (as can be seen in Fig. 3). As shown in Fig. 2, turbulence
and the broadband noise are indistinguishable.For the same pres-
sure ratios but Sg D 0:68, not only screech tones but also as many as
seven or more quasiperiodic shock cells were observed.3;4 Increas-
ing Sg from 0.68 to 1.36 appears to help to eliminate the screech

Fig. 1 Schematic of swirling nozzle.
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a)

b)

Fig. 2 Spectra of supersonic jet noise with Sg = 1:36 measured at three
inlet angles: a) Pr/Pa = 2:36 (Mj = 1:18) and b) Pr/Pa = 3:72 (Mj = 1:51).

Fig. 3 Schlieren photograph of Sg = 1:36 jets: a) Pr/Pa = 2:36 (Mj =
1:18), b) Pr/Pa = 3:04 (Mj = 1:37), c) Pr/Pa = 3:72 (Mj = 1:51), and d)
Pr/Pa = 4:40 (Mj = 1:62).

tones for similar pressure ratios. A question arises as to how the
shock cell structure and � ow recirculation,which are both relevant
in screech tone emission, may be affected by this increase in the
degree of swirl.

During the experiment, the � ow� elds of these Sg D 1:36 jets ap-
peared to be more unsteady than those of Sg D 0:68 jets, result-
ing in a fuzzier appearance of the shock cell structure shown in
Fig. 3. Only three or four shock cells exist for these Sg D 1:36 jets,
fewer than those observed in Sg D 0:68 jets. The � rst and the second
shock cells are joined by a certain � ow structure, without the dis-
tinct diamond-shapeshock cells in that region. The � ow structure is
believed to be the � ow recirculation zone, as previously demon-
strated for Sg ¸ 0:68 (Refs. 3 and 4). An attempt was made to
visualize � ow recirculation using a tassel. The recirculation zone
was found to be located at 0:75 < x=D < 1:5 for Pr =Pa D 3:72. The
reader should be cautionedthat the tasselmay prompt the � ow recir-
culation.Similar resultswere found for higherpressureratios.How-
ever, for Pr =Pa · 2:36 (e.g., Fig. 3a) no recirculationwas indicated,

Fig. 4 Centerline pressure structure of nonswirling and swirling jets:
Pr/Pa = 3:72 (Mj = 1:51):

but the screech tone noise was eliminated (Fig. 2a). Comparing the
results of Figs. 2 and 3, the conclusion can be made that effects
of swirl other than � ow recirculation help to eliminate the shock
cells downstream of the third or the fourth cell that are necessary
for screech tone noise generation.1

The effect of swirl on the elimination of shock cells can also be
seen from the measured centerline static pressure P=Pa shown in
Fig. 4 [Sg D 1:36 and Pr =Pa D 3:72 jets .M j D 1:51/]. Also pre-
sented for comparison are results of published nonswirling and
Sg D 0:68 jets for the same pressure ratios.3 Great care was taken
for the dimensions of the static probe and port location to ensure
minimum � ow disturbance. In fact, the probe currently used repro-
duced results of some previous investigationof supersonic jet noise
in the near � eld.3 The shock-expansion sequence can be seen to
occur in a pressure environment lower than the surrounding pres-
sure. Such shock phenomena (transition from a local minimum to a
local maximum or pressure) under subambient pressure conditions
can be attributed to the tornadolike effects of swirl.3 This tornado-
like structure exists well downstream of the recirculation zone, i.e.,
from x=D > 1:5 to x=D D 6:0, indicating the effects of swirl in the
region downstream of the recirculation zone. In Fig. 4 the number
of shock cells can be counted to be three, consistent with those of
the schlieren visualization in Fig. 3. Although not shown, results
of centerline pressure for both larger and smaller pressure ratios
resemble those of Fig. 4.

Conclusion
Imparting a suf� cient degree of swirl in underexpandedjets issu-

ing from a convergentnozzle can eliminate the quasiperiodicshock
cells downstream of the third shock cell, which is also downstream
of the � ow recirculation zone. Because the existence of the fourth
and the � fth shock cells is responsible for the screech tone noise
generation,imparting swirl to a supersonicjet can eliminatescreech
tone noise, as the acousticmeasurementsof this studydemonstrated.
Flow recirculationalone does not eliminate the quasiperiodicshock
cell structure downstream of the third shock cell. Swirl helps to
eliminate the quasiperiodic shock cell structure that is essential for
screech tone noise generation.
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Introduction

T HE computational � uid dynamics (CFD) method is becoming
widely applicable in almost all areas following the rapid devel-

opment of computercapabilitiesand numericalalgorithms.Because
directly solving the Navier–Stokes equations is still not practical
for most turbulent � ows, the turbulence model is an indispensable
tool in CFD methods. Currently, the standard eddy-viscosity(SEV)
model, or k–" turbulence model, is most commonly used in CFD
applications in almost all engineering areas. This is because the
SEV model is relatively simple to use, stable in computation, and
effectivein providingreasonableresults.However, as demands from
CFD analyses increase, there is less satisfaction because the SEV
model cannot provide some important physical featuresof complex
turbulent � ows, due to the inherent de� ciencies of the SEV model.
One of the de� ciencies of the SEV model is that the model is sub-
ject to the isotropicand local equilibriumassumptions.For complex
turbulent � ows or for more accurate results, the Reynolds stresses
(RS) turbulence model is chosen. However, the RS model requires
extensive computing capabilitiesand is often numerically unstable.
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Therefore, the RS turbulencemodel is not an alternative turbulence
model for practical use, especially in industrial applications.

Therefore,there is a considerableresearcheffort toward thedevel-
opment of turbulencemodels that can overcome the de� ciencies of
the SEV model but that have the advantagesof the SEV model. The
fundamental studies and the development of the algebraic second-
moment (ASM) turbulence models of the 1970s (Refs. 1–5) led to
the success of the development of the second-orderk–" turbulence
models in the following decades.6¡11 The second-order k–" turbu-
lence models are now playing more roles in CFD applications.

The nonequilibrium anisotropic eddy-viscosity/diffusivity
(NAEV) turbulence model developed by this author11 can deal not
only with anisotropy and the nonlocal effect of turbulent � ows, but
also with thermal turbulence quantities and the buoyancy effect.
However, it was found that the NAEV model cannot provide cor-
rect solutions in some cases, such as the fully developedasymmetric
channel� ow betweensmooth and roughwalls studied in Refs. 7 and
12. The unique feature of the asymmetric channel � ow is that there
is a region in the channel where both the velocity gradient and the
Reynolds shear stress are positive. It was also found that the reason
that the NAEV model is incapableof modeling this asymmetric � ow
case is related to the use of Rodi’s proposal3 in developingthe ASM
model from the RS model. To deal with cases such as the asym-
metric channel � ow, a proposal for deriving a nonlinear algebraic
RS equation from its differential equationwas presented in Ref. 13.
In the present Note, the detailed derivation proposed in Ref. 13 is
provided. Also, the alternative form of the NAEV turbulencemodel
based on the proposed nonlinear algebraic Reynolds stresses equa-
tion is given. Finally, the application of the new form of the NAEV
model to the asymmetric channel � ow case is presented.

Model Derivation
The RS model involves transport equations to take proper ac-

count of the transport of the Reynolds stresses ui u j , where u i is
the � uctuating velocity component in the xi direction. In general,
the transport equationsare a set of differentialequations and can be
expressed as follows2:

dui u j

dt
D Di j C Pi j C 5i j ¡ "i j (1)

where d=dt D @=@t C U j .@=@x j /, Ui is the mean velocity compo-
nent in the xi direction, Di j is thediffusion, Pi j is the production,5i j

is the pressure–strain correlation, and "i j is the dissipation. Based
on the model presented in Ref. 2, each term on the right-hand side
of Eq. (1) can be expressed as follows:
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In Eqs. (2–5), the summation convention applies where repeated
indices appear, k and " are the turbulence kinetic energy and its
dissipation rate, ±i j is the Kronecker delta,
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