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Analysis of supersonic jet turbulence, fine-scale noise,
and shock-associated noise from characteristic, bi-conic,
faceted, and fluidic injection nozzles®

Trushant K. Patel® and Steven A. E. Miller
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ABSTRACT:

Fine-scale mixing noise (FSMN) and broadband shock-associated noise (BBSAN) are the dominant components of
supersonic jet noise in the sideline and upstream directions. We use the previously developed statistical FSMN and
BBSAN models to compare the noise radiated from three different nozzles, i.e., a method of characteristics nozzle, a
bi-conic nozzle, and a faceted nozzle at different operating conditions. A numerical sensitivity analysis is performed
using the models by perturbing various model parameters and conditions such as nozzle pressure ratio (NPR), total
temperature ratio, area ratio, and boundary layer thickness. We observed that FSMN is most sensitive to NPR and
BBSAN is most sensitive to area ratio. We also examine the changes in source statistics and corresponding correla-
tions of the radiated noise using the fluidic injection noise reduction technique. Noise reduction predictions relative
to the baseline cases are compared at different operating conditions and similar reduction as the experimental mea-
surements were obtained at over-expanded conditions. Finally, we analyze the noise source locations for both com-
ponents of jet noise in the sideline direction. The trends predicted in this study increase understanding of the changes

in source statistics and radiated noise for different nozzles over a range of operating conditions.
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I. INTRODUCTION

Jet noise is detrimental to the health and hearing of mil-
itary personnel working in close proximity to flight-vehicles
on an aircraft carrier. The intensity of jet noise on an aircraft
carrier deck ranges from 120 to 150 dB at peak frequencies.'
Approximately 800 x 10° dollars were spent by the US
Department of Veterans Affairs for hearing loss disability
benefits in 2005. That number has risen to over a billion dol-
lars in the last decade.’ Therefore, it is vital to reduce the jet
noise for the health of military personnel employed on air-
craft carriers. Furthermore, reducing jet noise is beneficial
for surrounding communities near civilian and military air-
ports. In order to minimize jet noise, understanding the
source mechanism and the sensitivity of the jet noise on dif-
ferent parameters is very important. In this paper, we per-
form sensitivity analyses on two components of supersonic
jet noise using previously developed closed-form statistical
models.>? We perturb the nozzle pressure ratio (NPR), total
temperature ratio (TTR), area ratio, and the nozzle exit
boundary layer profile and analyze the associated changes in
the source intensity and the radiated noise. We also examine
an active fluidic injection noise reduction technique using
the developed statistical models.

The noise from a supersonic jet operating at an off-
design condition is generally categorized into turbulent
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mixing noise and shock-associated noise. The turbulent mix-
ing noise can be further categorized into fine-scale mixing
noise (FSMN) and large-scale mixing noise (LSMN), while
the shock-associated noise consists of two components,
broadband shock-associated noise (BBSAN) and “screech”
tones. An excellent review article on the different compo-
nents of supersonic jet noise is written by Tam.* The genera-
tion mechanism and directivity of each component of
supersonic jet noise are different. FSMN and LSMN radiate
from the fine-scale and large-scale turbulent structures,
respectively. LSMN is dominant in the downstream direc-
tion and FSMN has a relatively uniform directivity. Also,
LSMN spectrum contains a narrow peak and FSMN spec-
trum has a broad peak. BBSAN is generated because of the
interaction of coherent large-scale turbulent structures with
the shock-cell structure and is dominant in the sideline and
upstream directions. Screech tones consist of multiple dis-
crete frequencies and are generated due to a feedback mech-
anism between upstream traveling waves coupled with the
downstream traveling instabilities. In this paper, we focus
on FSMN and BBSAN, as they are the dominant compo-
nents of jet noise in the sideline and upstream directions.
Various prediction models for FSMN and BBSAN have
been proposed by different investigators. Harper-Bourne
and Fisher’ were the first to investigate and develop an
empirical model of the two-point cross-correlation of pres-
sure at different shock locations to predict BBSAN.
Overcoming some of the limitations of the Harper-Bourne
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and Fisher® model, a theory based on the physics of BBSAN
was proposed by Tam and Tanna.® Later, Tam’ developed a
stochastic model that built upon the theory of Tam and
Tanna.’ Using the work of Tam’ as a basis, Morris and
Miller® developed a prediction model for BBSAN. They
used Reynolds-averaged Navier—Stokes (RANS) computa-
tional fluid dynamics (CFD) simulations as an argument for
their model. Suzuki’ created a model to predict BBSAN
using wave-packet theory and large-eddy simulation (LES)
data. For FSMN prediction, a statistical model was devel-
oped by Tam and Auriault'® by considering the source and
propagating terms separately. Patel and Miller* identified
the statistical source terms for FSMN and BBSAN from the
Navier—Stokes equations using the decomposition approach
of Miller."" They developed statistical models by convolv-
ing the identified source terms with the vector Green’s
function. Using the identified source terms from the Navier-
Stokes equations reduces some of the empiricism associated
with the modeling of the source term. In the present work,
we perform various analyses to ascertain the effect of differ-
ent parameters using the developed statistical models.*"

Dahl and Kharavan'? performed a sensitivity analysis
of the BBSAN model developed by Tam.” They replaced
the fixed model parameters with probabilistic distributions
and examined the effect of different input parameters on the
radiated noise. They considered twelve parameters in the
BBSAN model of Tam’ and identified four parameters that
maximally affected the BBSAN spectrum. These four
parameters were associated with the convective velocity,
lowest and second-lowest wave-number mode of the shock-
cell structure, and the half-width of the similarity source.
Freund'® and Kim ez al.'* performed a sensitivity analysis
using adjoint-based methods in conjunction with LES to
reduce the noise from an ideally expanded Mach 1.3 turbu-
lent jet. A reduction of 3.5 dB was obtained by Kim er al."*
via controlling the parameters in the near nozzle region of
the jet. In the present paper, we perform a similar sensitivity
analysis of FSMN and BBSAN models. We perturb differ-
ent model parameters and input conditions (e.g., NPR, TTR,
area ratio, boundary layer profile, and nozzle geometry) by a
small amount to ascertain the parameters that have the maxi-
mum effect on the radiated noise.

Extensive experiments were performed by Tanna,'
Seiner and Norum,16’17 Norum and Seiner,lg*20 and Seiner
and Yu?' to understand the dependence of BBSAN on vari-
ous input parameters. Norum and Seiner,'® and Tanna'®
observed that the BBSAN becomes important relative to the
turbulent mixing noise when the NPR deviates from the
design condition, TTR decreases, and when the observer is
not in the downstream radiation direction. Different experi-
ments were performed by Bridges and Wernet,>
Viswanathan et al,,23 and Kuo et al.** to understand the
effect of temperature on BBSAN. A numerical study on the
effect of temperature on BBSAN was performed by
Miller.?® Tt was observed that the BBSAN increases with an
increase in TTR to a certain level and remains constant
thereafter. For a given NPR, the intensity of the shock-cell
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structure in the exhaust of the nozzle can be controlled by
altering the area ratio of the nozzle. Variable area nozzles
are used in various military aircrafts such as the F-15 and F-
16, and were studied by Mabe?® and Michel.?” The variation
of fine-scale mixing noise with different jet exit velocities
and temperature ratios were examined by Tam and
Auriault'® and Tam ez al.*®

The effect of noise from different nozzle geometries has
been investigated by various researchers. Saleem et al.”’ com-
pared the acoustic spectrum from a faceted nozzle with a base-
line bi-conic nozzle and observed a very similar acoustic
spectrum and overall sound pressure level (OASPL). For sub-
sonic jet noise, Zaman° compared the noise from two nozzles
having different exit boundary layer profiles. He found the noz-
zle with a laminar boundary layer at the nozzle exit to be noisier
than the nozzle with a turbulent boundary layer. Bogey and
Bailly*' and Bogey et al.** studied the boundary layer profile at
the exit of the nozzle numerically using LES. They numerically
tripped the boundary layer inside the nozzle and observed that
the jet noise is reduced. Brés er al>® related the reduction of
noise from the turbulent boundary layer variation to the differ-
ence in the growth rate of the Kelvin-Helmholtz modes in the
near nozzle region observed. As BBSAN is generated due to
the interaction of the coherent large-scale turbulent structures
with the shock-cell structure, any effect of the boundary layer
on the large-scale turbulent structures may affect the BBSAN.
The source location of fine-scale noise also changes with a
change in the boundary layer profile at the nozzle exit.>*

Many researchers have proposed different techniques to
reduce jet noise such as porous nozzle plugs,®> mixer ejec-
tors,36 chevrons,37 beveled nozzles,38 corrugated noz-
zles,>**° fluidic injection,*' plasma actuation,*? etc. In this
paper, we will use the developed statistical models for
FSMN and BBSAN to examine the fluidic injection noise
reduction technique. The fluidic injectors break down the
shock-cells into smaller and weaker structures, and thereby
reduce BBSAN. The fluidic injection also affects the bound-
ary layer near the nozzle, thereby altering the growth of the
instability waves and reduces the large-scale mixing noise
too. Morris er al.*' designed the location and angles of flu-
idic inserts using previous studies on supersonic transverse
jets.43’44 They also performed various experiments and
observed a reduction of 4 dB in turbulent mixing noise and
2dB in shock-associated noise. Powers er al.*> compared
the aerodynamics of the corrugated nozzles with the fluidic
injections using laser Doppler velocimetry measurements
and RANS CFD simulations. Moderate-scale experiments of
the fluidic inserts were performed by McLaughlin et al.*® in
the General Electric Aviation Cell 41 Laboratory and similar
noise reduction results as the small-scale experiments were
observed. Various numerical investigations to better under-
stand the noise reduction mechanism have been carried out
by Prasad and Morris,47 Morris et al.,48 Coderoni et al.,49
and Cuppoletti ef al.’® using RANS and LES solutions.

The rest of the paper is organized as follows. The devel-
oped statistical models for FSMN and BBSAN are summa-
rized in Sec. II. The sensitivity analyses of the developed
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FSMN and BBSAN models are performed in Sec. III. We
perturb various model parameters of the developed FSMN
and BBSAN models in Sec. Il A. The effect on radiated
noise from different nozzle geometries is discussed in Sec.
III B. The effect of perturbation of different input conditions
such as NPR, TTR, and area ratio is analyzed in Sec. III C.
We also analyze the change in radiated noise due to a
change in the boundary layer thickness at the nozzle exit in
Sec. III D. Finally, the fluidic injection noise reduction tech-
nique is analyzed using the developed statistical models in
Sec. IV.

Il. STATISTICAL MODELS

The field variables in the Navier—Stokes equations are
decomposed into a time-averaged base flow, aerodynamic
turbulent fluctuations due to fine-scale and large-scale struc-
tures, and radiating acoustic fluctuations. All the source
terms, i.e., time-averaged base flow and aerodynamic turbu-
lent fluctuations, are brought to the right-hand side and the
radiating acoustic fluctuations are brought to the left-hand
side. The spectral density of pressure is obtained by con-
volving the dominant statistical source term of FSMN and
BBSAN with the vector Green’s function of pressure. The
dominant statistical source terms for FSMN and BBSAN
have been identified by Patel and Miller.>* The identified
source terms for FSMN and BBSAN are
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respectively. Note that all three FSMN source terms in Eq.
(1) have the same scaling. Also, the third term in Eq. (1) is
the same source term for FSMN as identified by Tam and
Auriault'® using the gas kinetic theory. Here, p, p, and u
represent the density, pressure, and velocity of the fluid,
respectively. The ratio of specific heats is denoted by 7.
The overbar [] symbol represents the time-averaged quan-
tity, the breve O symbol represents the aerodynamic fluc-
tuations due to fine-scale structures, and the hat [] symbol
represents the aerodynamic fluctuations due to large-scale
structures. The superscripts (1) and (2) denote the location
of two different source terms, one at location y and the
other at y + 5. The angular brackets ([, []) represent the
two-point cross-correlation of the source terms at two dif-
ferent locations.

The spectral density of pressure for FSMN and BBSAN
are
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respectively. The detailed mathematical derivation of the
spectral density of pressure can be found in Miller'! and
Patel and Miller.> Here, the source locations and observer
locations are represented by x and y, respectively. The dis-
tance from the source location to the observer location is
represented by r = |y — x|. The tilde operator [] is used to
denote the Fourier transform of the variable and the wave-
number is represented by k. The angular frequency and
ambient speed of sound are denoted using w and ¢, respec-
tively. The turbulent kinetic energy (TKE), length-scale in
the stream-wise direction, length-scale in the cross-stream
direction, and timescale are represented by K, /, [, and 7,
respectively. The convective velocity and Mach number are
denoted using u. and M, respectively.

The arguments of the models such as field-variables,
turbulent kinetic energy, length-scale, and time-scale are
calculated from steady RANS CFD solutions. The K — Q
shear stress transport (SST) model is used to close the
RANS equations, where K is the turbulent kinetic energy
and Q is the specific dissipation rate. The local length- and
time-scales are estimated using the turbulent kinetic energy
and dissipation rate as [=c¢,K/?¢ ! and t©=c.Ke!,
respectively, where € = 0.09KQ is the dissipation rate. The
Fully Unstructured Navier—Stokes (FUN?)D)5 ' CFD code
developed at NASA Langley Research Center is used to cal-
culate the solution to the RANS equations. The developed
FSMN and BBSAN models have been calibrated at one
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operating condition, and the same calibration constants are
used to predict noise for different jet operating conditions
and different nozzle types. Very good agreement with the
experimental measurements has been previously obtained.?

The computational domain for the RANS simulations is
selected such that the important physics is captured inside
the domain and the effect of far-field boundary conditions is
minimized. The extents of the computational domain are
unchanged for different nozzle types. The computational
domain is extended to /00D in the downstream direction
and 50D in the cross-stream directions from the nozzle exit,
where D is the diameter of the nozzle exit. The computa-
tional domain is restricted to one quarter of the entire
domain, and symmetric plane boundary conditions are
enforced on the y and z planes of symmetry to reduce the
computational expense. Unstructured meshes are generated
for all nozzle types. The mesh is generated such that it is
extremely fine inside the nozzle, in the potential core, and
the shear layer regions. The boundary layer is resolved up to
yT = 4.5 for the highest speed case of the method of charac-
teristics (MOC) nozzle. A grid independence study is per-
formed to ensure that the generated mesh does not affect the
CFD solution. The total number of cells in the computa-
tional domain ranges approximately between 4 to 5 x 10°
for the MOC and bi-conic nozzles, between 6 to 7 x 10° for
the faceted nozzle, and between 33 to 34 x 10° for the flu-
idic injection nozzle. More details on the evaluation and the
validation of the FSMN and BBSAN models are presented
by Patel and Miller.>* In Sec. III, we will perform sensitiv-
ity analyses using Eqgs. (3) and (4) to understand the depen-
dence of FSMN and BBSAN on different parameters.

lll. SENSITIVITY ANALYSIS

We perform sensitivity analyses for different parame-
ters using the developed FSMN and BBSAN models to
understand the uncertainty associated with each input
parameter. We perform one-at-a-time sensitivity analyses by
varying one parameter by 1% while keeping all other param-
eters constant. The resulting change in the sound pressure
level (SPL) per unit Strouhal (St) number for FSMN and
BBSAN is examined using Egs. (3) and (4), respectively.
The numerical sensitivity can be calculated by performing
the derivative of the SPL with respect to the change in input,
i.e., O(SPL)/0I, where [ is the input parameter.

Due to the differences in the closure models of the
RANS equations, different RANS models may give differ-
ent values of mean quantities, TKE, and specific dissipation
rate. Hence, a sensitivity analysis for model parameters can
identify the parameters which are most and least sensitive.
The sensitivity analyses of FSMN and BBSAN on different
model parameters is performed in Sec. III A. Furthermore,
the flow physics from a fluidic insert nozzle is different
from a conventional nozzle. Modifications are made into the
faceted nozzle geometry to develop a fluidic insert nozzle.
The boundary layer at the nozzle exit is thicker when com-
pared to MOC, bi-conic, and faceted nozzles. Hence, the
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effect of nozzle geometry, jet operating conditions, and
boundary layer thickness on FSMN and BBSAN are quanti-
fied in Secs. III B-III D, respectively. The results of these
sensitivity analyses with respect to different parameters
helps us understand the uncertainties associated with the
predictions of noise reduction with the fluidic insert nozzle
in Sec. IV.

A. Sensitivity analysis to model parameters

An SMCO000 nozzle operating at an NPR = 1.893 and
TTR = 3.20, corresponding to M; = 1.00 is used for the sen-
sitivity analyses of the FSMN model. The sensitivity analy-
ses of the SPL to the model parameters for the statistical
FSMN model are shown in Fig. 1(a). And the sensitivity
analyses to various BBSAN model parameters are shown in
Fig. 1(b) for an SMCO016 nozzle operating an NPR = 5.2
and TTR = 1.0. We use the same nozzles and operating
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FIG. 1. (Color online) Sensitivity analyses of FSMN and BBSAN parame-
ters. The red solid line represents the experimental spectrum and the black
dotted line represents the statistical prediction. The dashed lines represent
the sensitivity of model parameters. (a) Sensitivity of FSMN model parame-
ters. (b) Sensitivity of BBSAN model parameters.
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conditions for the parametric sensitivity analysis that were
used to calibrate the FSMN and BBSAN models. The
observer is located at a distance of /00D in the sideline
direction (0 = 90°). The experimental spectrum and the sta-
tistical prediction results using Eqs. (3) and (4) are super-
posed in Fig. 1 along with the sensitivity results. The
experimental spectrum is from the Small Hot Jet Acoustic
Rig (SHJAR) database®® from NASA Glenn Research
Center at Lewis Field. The detailed geometry of the SMC
series nozzles is shown in Brown and Bridges.’> A dual y
axis plot is shown in Fig. 1, where the left-hand side labels
represent the sensitivity of the model in terms of absolute
change in the SPL per unit Strouhal number when the
model parameters are perturbed. The right-hand side labels
in Fig. 1 represent the SPL per unit Strouhal number of the
experimental spectrum and the statistical prediction.

We observe that the sensitivity to all the model parame-
ters is less than 0.2dB at all St, for the sensitivity analyses
of the FSMN model in Fig. 1(a). For low St, the length-scale
exhibits the highest sensitivity. A change of 0.13 dB per unit
St is obtained with 1% perturbation in the length-scale.
However, the sensitivity to the length-scale decreases at
high St and reduces to 0.018 dB per unit St at St = 10. An
opposite trend is observed for the sensitivity to the mean
velocity, i, and timescale, t,. The sensitivity to mean veloc-
ity and timescale increases at different rates as St increases.
At St = 10, the sensitivity to mean velocity and timescale
are 0.1 and 0.12dB per unit St, respectively. The sensitivity
to TKE and mean density are 0.09 dB per unit St at all St.
Hence, small perturbations in the FSMN source term cause
a constant change in the SPL at all frequencies.

For the sensitivity analyses of the BBSAN model in
Fig. 1(b), we observe that the sensitivity to all the parame-
ters is less than 1 dB at all frequencies. The sensitivity to the
convective velocity is the highest among all the parameters.
The sensitivity to all remaining parameters is less than
0.1dB at all frequencies. At the BBSAN peak, the sensitiv-
ity to the length-scale in the stream-wise direction and the
time-scale are 0.001dB at St = 0.4037. The sensitivity to

the length-scale in the stream-wise direction and time-scale
fluctuates from 0.001 to 0.045 dB per unit St at all frequen-
cies. The sensitivity to the length-scale in the cross-stream
direction decreases till St = 3.5 and increases afterward
with an increase in St. Note that we are not using the fre-
quency dependent length- and time-scales in the statistical
BBSAN model. Using frequency dependent length-scales
will result in lower sensitivity at high St for the length- and
time-scales. The sensitivity to the gradient of mean pressure
and the large-scale anisotropic velocities is constant at all
frequencies. The SPL varies by 0.09 dB per unit St with a
1% change in either the gradient of mean pressure or the
large-scale anisotropic velocities. Since the product of the
gradient of mean pressure and the anisotropic velocities is
the source term for BBSAN, any change in the parameters
of the source term directly alters the noise radiated.

B. Effect of nozzle geometry

The noise radiated from three different nozzles, a
method of characteristics nozzle (SMC016), a bi-conic noz-
zle, and a faceted nozzle are analysed in this section. The bi-
conic and faceted nozzles are chosen because their shapes
are more representative of a low bypass military engine noz-
zle. The bi-conic nozzle is designed such that the length of
the diverging section matches that of the SMCO016 nozzle.
The coordinates of the bi-conic nozzle are tabulated in Ref.
53. In order to design a faceted nozzle, we added twelve fac-
ets to the bi-conic nozzle to convert the axisymmetric bi-
conic nozzle to a faceted nozzle. The facets are designed
such that the area of the exit of the faceted nozzle matches
the exit area of the round nozzles. The circumradius of the
faceted nozzle is 2.5992 cm.

A comparison of the Mach number contours from all
three nozzles is shown in Fig. 2. All the nozzles are operat-
ing at the design condition of NPR = 3.67 and TTR = 3.0,
which correspond to M; =M;=1.5. No shocks are
observed in the exhaust of the jet for the SMCO016 nozzle
since the reflections of the characteristics from the nozzle
wall are eliminated in a MOC nozzle. However, we observe

FIG. 2. (Color online) Mach number contours of (a) SMCO016 nozzle, (b) bi-conic nozzle, and (c) faceted nozzle operating at design condition.
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FIG. 3. (Color online) Cross-stream Mach number contours at different axial locations x / D = 0, 0.5, 1.0, 2.0, 3.0, and 5.0 for the faceted nozzle operating

at NPR = 3.67 and TTR = 3.0.

a shock-cell structure in the jet exhaust for the bi-conic and
faceted nozzle in Fig. 2 due to the planar divergent walls. The
aerodynamic flow-field in the jet plume from the bi-conic and
faceted nozzles at the z/D = 0 cross-sectional plane are very
similar. The cross-stream Mach number contours at different
axial locations for the faceted nozzle operating at the design
condition are shown in Fig. 3. The flow-field alteration due to
the facets is visible in the Mach number contours until
x/D = 2.0 in Fig. 3. Similar qualitative cross-sectional contour
plots for a 12 facet nozzle operating at a different condition
were obtained by Pilon er al.>*

We also compare the noise radiated from different noz-
zles under a range of operating conditions. The operating
conditions are selected from the SHJAR database.’* All
three nozzles are operated over a range of conditions from
NPR = 2.4 to 6.0 for a heated jet with TTR = 3.0. The
OASPL of FSMN and BBSAN versus the fully-expanded jet
Mach number for different operating conditions for an
observer in the sideline direction is plotted in Fig. 4. The
noise for the SMCO16 nozzle is reduced at the design

140

|
Over-expanded 1 Under-expanded
135
|
130 4 1
|
S 125
-
o
2 120
o
1154
110
105 T T T u T T T
1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9
Fully expanded jet Mach number, M;
-©- FSMN - SMC016 -©- FSMN - Biconic -©- FSMN - Faceted

—-A- BBSAN - SMC016
—8— Combined - SMC016

—A= BBSAN - Biconic
—B— Combined - Biconic

—A=- BBSAN - Faceted
—8— Combined - Faceted

FIG. 4. (Color online) Comparison of OASPL for SMCO016, bi-conic, and
faceted nozzles at different NPR.

J. Acoust. Soc. Am. 150 (1), July 2021

condition, while the noise remains almost constant for the
bi-conic and faceted nozzle. This is because no shocks are
present at the design condition for the SMCO016 nozzle,
while a shock-cell structure is present for the bi-conic and
faceted nozzles. The OASPL from the bi-conic nozzle and
faceted nozzle at different NPRs in the sideline direction are
within 2dB of each other. Similar results have been
obtained from the experimental measurements by various
researchers.”>>> The BBSAN intensity is minimum at the
design condition for the SMCO016 nozzle and is consistent
with the experimental results of Tam and Tanna.® The
OASPL of the FSMN from all three nozzles are very similar
and are within 1 dB of each other.

C. Effect of jet operating conditions

The sensitivity analyses of FSMN and BBSAN are per-
formed using the SMCO016 nozzle and an axisymmetric bi-
conic nozzle. For the sensitivity analyses, NPR values of
2.400, 2.750, 3.100, 3.382, 3.503, 3.593, 3.643, 3.670,
3.693, 3.745, 3.858, 4.043, 4.320, 4.700, 5.200, and 6.000
are chosen. The SMCO016 nozzle is operated at TTR = 1.0
and the bi-conic nozzle is operated at TTR = 3.0. The
observer is located in the sideline direction at a distance of
100D. Note that we are using unheated jet operating condi-
tions for the SMCO016 nozzle when compared to the heated
jet with TTR = 3.0 used in Sec. III B.

1. Nozzle Pressure Ratio

The sensitivity analyses of FSMN and BBSAN for
the SMCO016 nozzle and the bi-conic nozzle are shown in
Figs. 5 and 6, respectively, when the NPR is perturbed by
1% of the design NPR. The OASPL and change in OASPL
are plotted against the fully-expanded jet Mach number for
both the nozzles. The OASPL of FSMN and BBSAN com-
ponents, and their sensitivity are plotted in Figs. 5(a) and
6(a) for SMCO16 and bi-conic nozzles, respectively. The
shaded regions in Figs. 5(a) and 6(a) denote the difference
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FIG. 5. (Color online) Sensitivity studies for an SMCO16 nozzle with perturbed NPR. The shaded regions represent the sensitivity of noise with 1% NPR
perturbations. (a) OASPL of the FSMN, BBSAN, and combined FSMN and BBSAN. (b) A dB change of FSMN OASPL from the base cases. (c) A dB

change of BBSAN OASPL from the base cases.

between the perturbed case and the base case. The change in
OASPL of FSMN because of small perturbations in the
NPR for SMCO016 nozzle and bi-conic nozzle is plotted in
Figs. 5(b) and 6(b), respectively. Similarly, the change in
OASPL of BBSAN for SMCO016 nozzle and bi-conic nozzle
is plotted in Figs. 5(c) and 6(c), respectively.

As FSMN and BBSAN are the most dominant compo-
nents in the sideline direction when the jet is operating at
slightly imperfectly expanded conditions, the sensitivity
with perturbed input parameters is most apparent in this
direction. The maximum change in the OASPL with pertur-
bation in NPR is 0.3 and 2.8dB for FSMN and BBSAN,
respectively. For the FSMN, Figs. 5(b) and 6(b) shows that
increasing the NPR by 1% increases the radiated FSMN
noise and decreasing the NPR by 1% decreases the radiated
noise for both nozzles. However, for the BBSAN, Fig. 5(c)
shows that increasing the NPR by 1% from the base case
decreases the OASPL of BBSAN at over-expanded condi-
tions. At under-expanded conditions, increasing the NPR by
1% increases the BBSAN OASPL. This is because it moves
closer to the design condition in the former case, while it
moves away from the design condition in the latter case.
The sensitivity of the NPR for the bi-conic nozzle is lower
in comparison to the SMCO016 nozzle. The maximum
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sensitivity with perturbed NPR is 0.25 dB at NPR = 2.40 for
FSMN and 1 dB at the NPR = 2.75 for BBSAN, as observed
in Figs. 6(b) and 6(c), respectively.

2. Total Temperature Ratio

For both nozzles, perturbing the TTR does not have any
major effect on FSMN or BBSAN. BBSAN is the least sen-
sitive to the TTR*® among all the input parameters. We also
observe very small variation in the sensitivity of FSMN and
BBSAN at different operating conditions when the TTR is
perturbed for both nozzles. Hence, for conciseness, the sen-
sitivity plots when the TTR is perturbed by 1% are not
shown in the present work. The sensitivity of TTR perturba-
tions for the SMCO016 nozzle are 0.13 and 0.15dB for
FSMN and BBSAN, respectively at all operating conditions.
We also observe slight fluctuations in the change in OASPL
near design condition for the SMCO016 nozzle as no shock-
cells are present at the design condition. The sensitivity with
perturbed TTR is less than 0.2 dB for all jet operating condi-
tions for the bi-conic nozzle. The FSMN OASPL also varies
by 0.13dB for the bi-conic nozzle at all operating condi-
tions. This is consistent with the experimental observations
of Tanna.'
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FIG. 6. (Color online) Sensitivity studies for a bi-conic nozzle with perturbed NPR. The shaded regions represent the sensitivity of noise with 1% NPR per-
turbations. (a) OASPL of the FSMN, BBSAN, and combined FSMN and BBSAN. (b) A dB change of FSMN OASPL from the base cases. (c) A dB change

of BBSAN OASPL from the base cases.

3. Area ratio

We design new nozzle contours in order to perturb the
area ratio by 1%. Perturbation of the area ratio for the bi-
conic nozzle is performed by joining a straight line from the
nozzle throat to the perturbed nozzle exit. For the SMC016
nozzle case, we use a MOC tool developed by Rice™® to
design a MOC nozzle with 1% increased or decreased area
ratio.

The OASPL plots for FSMN and BBSAN for two dif-
ferent nozzles are shown in Figs. 7 and 8, respectively. The
maximum sensitivity of FSMN and BBSAN OASPL with
area ratio for the SMCO016 nozzle is 0.17 and 5.8 dB, respec-
tively. BBSAN is the most sensitive to the area ratio,”> as
observed from Figs. 7 and 8. Increasing and decreasing the
area ratio by 1% changes the design Mach number of the
nozzle to 1.517 and 1.482, respectively. This is observed in
Fig. 7(a), where the minimum intensity shifts either to the
left or right side of the base case, depending on whether the
area ratio is increased or decreased. However, since the fully
expanded jet Mach number is constant, not much effect is
observed in the FSMN as shown in Fig. 7(b). Figure 7(c)
shows that the OASPL decreases for over-expanded condi-
tions by 3dB and increases by 5.0dB for under-expanded
conditions when the area ratio is decreased. If the area ratio
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is increased, the SPL increases by 5.8 dB for over-expanded
conditions and reduces by 2.2dB for under-expanded
conditions.

The maximum BBSAN sensitivity with perturbed area
ratio is observed to be 1dB at NPR = 4.32 for the bi-conic
nozzle case shown in Fig. 8(c). Correspondingly, less than
0.1dB change is observed in the FSMN sensitivity for the
bi-conic nozzle with perturbed area ratio. A shock-cell
structure is always present for the bi-conic nozzle. Hence,
the reduction of noise does not occur as rapidly at the design
condition as the MOC designed nozzle. Hence, for all the
perturbed parameters, the unheated SMCO016 nozzle is found
to be more sensitive compared to the heated bi-conic nozzle.

D. Effect of boundary layer thickness at nozzle exit

We now investigate the effect of boundary layer thick-
ness on the radiated FSMN and BBSAN. The changes in the
boundary layer statistics affect the growth and decay of the
instability wave in the shear layer of the jet, which directly
affects FSMN and BBSAN. Furthermore, the effective area
at the exit of the nozzle reduces with increase in boundary
layer thickness, which modifies the shock-cell structure in
the jet exhaust. We use three different methods, i.e., exten-
sion of the convergent section, a forward step at the inlet,
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FIG. 7. (Color online) Sensitivity studies for an SMCO016 nozzle with perturbed area ratio. The shaded regions represent the sensitivity of noise with 1%
area ratio perturbations. (a) OASPL of the FSMN, BBSAN, and combined FSMN and BBSAN. (b) A dB change of FSMN OASPL from the base cases. (c)

A dB change of BBSAN OASPL from the base cases.

and a backward step at the inlet to alter the boundary layer
thickness at the nozzle exit. The forward and backward steps
offer less control of the boundary layer thickness at the noz-
zle exit. The thickness of the boundary layer can be pre-
cisely controlled by varying the length of the converging
section of the nozzle.”® However, extending the length of
the nozzle increases the number of grid points in the domain
and the computational expense increases.

All three cases, i.e., the extension of nozzle inlet, for-
ward step, and backward step are simulated using the
SMCO016 nozzle operating at NPR = 5.2 and TTR = 1.0.
The convergent section is extended by 9D for the extended
length case and a step height of 0.03D is used for the for-
ward and backward steps. The extension length and the step
height are chosen such that the computational expense is not
drastically increased. The boundary layer profiles in terms
of non-dimensionalized velocity and turbulent kinetic
energy are plotted in Figs. 9(a) and 9(b) using inner and
outer coordinates, respectively. The boundary layer is thick-
est for the backward facing step as observed from Fig. 9(b).
Using Egs. (3) and (4), a maximum reduction of 2.7% of the
spectral density of pressure is observed when the backward
facing step is used to modify the boundary layer thickness.
Correspondingly, the spectral density reduces by 1.5% and
1.6% for the nozzle extension and forward facing step,
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respectively, when compared to the baseline SMC016 noz-
zle. Hence, we use the backward facing step for evaluating
the change in OASPL in the sideline direction at different
operating conditions due to the changes in the boundary
layer thickness.

We simulate the supersonic jet cases at different operat-
ing conditions using the backward facing step for the
SMCO016 and biconic nozzles. The effect of the variation in
the statistics of the boundary layer on the OASPL in the
sideline direction is shown in Figs. 10 and 11 for the
SMCO016 and the bi-conic nozzles, respectively. A maxi-
mum reduction of 1.5dB for BBSAN is observed at NPR
= 3.67 for the SMCO16 nozzle. We observe that the OASPL
increases with increasing boundary layer thickness for the
over-expanded cases. The OASPL of the FSMN is reduced
by 0.08 dB at all operating conditions. The maximum reduc-
tion in the bi-conic nozzle is 0.15dB for BBSAN. The
FSMN reduces by 0.05dB for all jet operating conditions
for the bi-conic nozzle. A reduction of 5 to 6 dB is observed
for the bi-conic nozzle at NPR = 2.40. This is due to flow
separation occurring inside the nozzle at this operating con-
dition. Similar to the SMCO016 nozzle case, a slight increase
in 0.1 dB at over-expanded conditions is observed for the bi-
conic nozzle. The low reduction in noise (< 0.2 dB) at other
conditions is due to the abrupt change between the
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converging and diverging section. The abrupt change
between the converging and diverging sections induces tur-
bulence in the boundary layer. Hence, the boundary layer
thickness at the exit of the nozzle is not affected much by
the backward facing step near the nozzle inlet. So, very little
reduction of the FSMN and BBSAN is observed for the bi-
conic nozzle.

IV. EFFECT OF FLUIDIC INJECTION

A fluidic insert is an active noise reduction technique
for supersonic jets and can be turned off when required. The
fluidic inserts can be turned on near airports or aircraft car-
riers and turned off after takeoff or away from the communi-
ties. Fluidic injection reduces supersonic jet noise by
reducing the effective area at the exit of the nozzle by intro-
ducing stream-wise vortices, and by breaking down shock-
cells into smaller structures. The fluidic inserts*' were
designed to mimic the aerodynamic and acoustic character-
istics of nozzle corrugations.39 However, unlike the static
corrugations, fluidic inserts have the added benefit of alter-
ing the flow with changing engine set point.

In the current work, we follow the design method of
Morris e al.*' with minor modifications. A schematic dia-
gram of the nozzle cross section through the fluidic injectors
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is shown in Fig. 12. A total of eight fluidic injection ports
are placed within the previously examined faceted nozzle.
We place the fluidic injectors on four facets, each separated
by a 90° azimuthal angle. Symmetric positioning of fluidic
injectors is used to save computational expense via use of
symmetric boundary conditions with FUN3D. The injector
ports are located at a distance of 20% and 70% of the diver-
gent section relative to the nozzle throat. Angles of the fluid
injection ports are 45°and 90°, respectively, relative to the
jet upstream direction. The diameter of the injector is
2.54 mm, which corresponds to D;,; = 0.05D to minimize
the injected fluid mass flow rate. The design Mach number
of the fluidic insert nozzle in the present study is unchanged
relative to the faceted nozzle. This facilitates comparisons
between the baseline faceted nozzle and the fluidic injection
nozzle.

An additional boundary condition at the fluidic injectors
is specified via the injector pressure and temperature ratios.
The injector pressure ratio (IPR) is defined as the ratio of
the stagnation pressure at the inlet of the injectors to the
ambient pressure. Similarly, the injector temperature ratio
(ITR) is defined as the ratio of the stagnation temperature at
the inlet of injectors to the ambient temperature. The fluidic
insert nozzle is operated at NPR = [2.750, 3.100, 3.670,
4.320, 5.200] and TTR = 3.0. Most of the past research on
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FIG. 9. (Color online) Boundary layer profiles. (a) Boundary layer profile
in inner coordinates. (b) Boundary layer profile in outer coordinates. The
solid lines represent the mean axial velocity, and the dashed lines represent
the turbulent kinetic energy.

fluidic injection®'*>4¢4¥=59 investigated noise reduction at
over-expanded operating conditions. However, five different
operating conditions, two over-expanded conditions
(NPR = 2.750 and 3.100), one on-design condition (NPR
=3.670), and two under-expanded conditions (NPR =4.320
and 5.200) are simulated in the current work. Different
injector pressure ratios have been studied for the fluidic
injection cases.*!*34¢48-30 1y the present study, we elect to
equate IPR to NPR and an unheated ITR for the fluidic
injection jet is used.

A. Aerodynamic flow-field results

The aerodynamic flow-field results of the fluidic insert
nozzle are compared with the faceted nozzle for NPR =
2.750 in Figs. 13 and 14. A comparison of the numerical
schlieren between the fluidic insert nozzle and the faceted
nozzle is performed in Fig. 13. The numerical schlieren is
plotted at a 45° azimuth cross section plane through the flu-
idic injectors to visualize the effect of fluidic injection.
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FIG. 10. (Color online) Effect of boundary layer on the FSMN and BBSAN
using SMCO016 nozzle. (a) OASPL of FSMN and BBSAN. (b) A dB change
of FSMN and BBSAN OASPL.

Because of the fluidic injection, the effective area at the noz-
zle exit is reduced and an altered shock-cell structure near
the nozzle exit is observed. The length-scale and time-scale
are increased by 20% and 45%, respectively, along the lip-
line in the plane of the fluidic inserts due to the thicker
boundary layer when compared to the faceted nozzle.
Because of the complicated interaction of different shock-
cell structures, the shock-cells break down into smaller
structures. Hence, the length of the potential core is also
reduced for all fluidic insert nozzle cases. The length of the
potential core of the fluidic insert nozzle reduces by approxi-
mately 40% to 45% of the faceted nozzle potential core
length for all operating conditions.

The cross-stream contours of Mach number and turbu-
lent kinetic energy at different axial locations for the fluidic
insert nozzle operating at an NPR = 2.750 is plotted in
Fig. 14. The alteration of the flow-field due to the fluidic
injectors can be observed at the cross-sectional planes near
the nozzle exit. Complicated cross-sectional contours of
Mach number and TKE are observed until x/D = 3. The
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FIG. 11. (Color online) Effect of boundary layer on the FSMN and BBSAN
using biconic nozzle. (a) OASPL of FSMN and BBSAN. (b) A dB change
of FSMN and BBSAN OASPL.

Mach number and TKE form a diamond- or square-shaped
profile at the cross-sectional planes near the nozzle exit.
However, at x/D = 7.5, similar axisymmetric contours of
Mach number and TKE relative to the round nozzle are
observed for all jet operating conditions. The alteration of
the flow-field from the injectors is not apparent at this loca-
tion and further downstream.

B. Acoustic prediction results

The OASPL predictions of the FSMN and BBSAN for
the fluidic insert nozzle are performed using Egs. (3) and
(4), respectively. OASPL predictions in the sideline direc-
tion from the fluidic insert nozzle cases and the faceted noz-
zle cases are plotted in Fig. 15. The fluidic injection reduces
the FSMN OASPL by 1.75dB for all jet operating condi-
tions. The fluidic injection reduces the BBSAN OASPL by
5.5 and 2dB at the over-expanded conditions at NPR
=2.750 and NPR = 3.100, respectively. A similar 2 to 6 dB
noise reduction has been observed for different over-
expanded jet operating conditions by Morris er al.*!
However, the BBSAN OASPL increases for the on-design
and under-expanded jet operating conditions because an
effect of the fluidic injection is to further decrease the
expansion of the flow within the nozzle, pushing the jet fur-
ther from its design conditions. The maximum increase in
BBSAN OASPL is 5dB which, is observed at NPR = 4.320.
Since fluidic injection is an active noise reduction mecha-
nism, it can be turned off for under-expanded jet operating
conditions.

Fluidic injection introduces stream-wise vorticity that
reduces the TKE for the fine-scale turbulence in the shear
layer.*® The shock-cell structure and the effective exit area
of the jet are also modified due to the fluidic injection.*® For
over-expanded conditions, reducing the effective exit area
of the jet shifts the operating condition of the jet closer to
the on-design condition; thereby reducing BBSAN. The
changes in the OASPL can also be attributed to the break-
down of the shock-cell structure due to the fluidic injection.
However, for an under-expanded jet operating condition,
reducing the effective exit area of the jet increases the off-
design jet parameter, 5. This causes an increase in noise for
the under-expanded jet conditions.

C. Source locations

We ascertain the source term intensity directly from the
RANS CFD solutions. The contours of the identified source
term for FSMN and BBSAN are plotted in Figs. 16(a) and
16(b), respectively, for NPR = 2.750 and TTR = 3.0. The
contours of FSMN and BBSAN sources are plotted using
Egs. (1) and (2), respectively. For all the jet operating

Side-view Front-view

£ Nozzle Wall
o)
@ Nozzle Fluidic Injection Ports
~| Inlet = ;

Symmetric| L Flow direction 5l s

(Boundary 3| 8
Condition Center-line I
16.51 cm 1.0967 cm 5.3675cm

FIG. 12. Schematic diagram of two fluidic injectors in the diverging section of the faceted nozzle.
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FIG. 15. (Color online) Comparison of the OASPL between the fluidic
insert nozzle cases and the faceted nozzle cases at different operating condi-
tions in the sideline direction.

the downstream locations. However, an increase of 2.92%
of the maximum FSMN source term intensity is observed in
the plane of fluidic inserts. The maximum FSMN sources
are located between 11D to 19D for the NPR = 2.750 and
5.200, respectively, for the faceted nozzle. For the fluidic
injection nozzle, the sources shift upstream and are located

y/D O+

between 8D to 13D for
respectively.

Compared to the FSMN reduction at all jet operating
conditions, the BBSAN source term intensity is reduced
only for the over-expanded cases. A maximum reduction of
the source term intensity of 35% is observed at the intersec-
tion between the shock-cells and shear layer region for the
NPR = 2.750 operating condition. However, the BBSAN
source term intensity increases by 193% for the NPR
= 5.200 operating condition. This is due to the reduction of
effective area at the nozzle exit that occurs from fluidic
injection that increases the off-design parameter for under-
expanded cases. The BBSAN source term intensity is high
near the nozzle exit due to the complicated shock-cell struc-
ture present near the nozzle exit.

Note that the comparisons of the fluidic injection nozzle
to the faceted nozzle were performed on NPR or fully-
expanded jet Mach number basis. However, the decrease in
the effective area due to the fluidic injection may result in a
decrease in the specific thrust of the nozzle. To calculate the
specific thrust, we make similar assumptions as Prasad and
Morris.”” The bypass ratio is assumed to be 0.3 and the
bypass exit velocity is assumed to be 60% of the fully-
expanded jet velocity. Thrust reduction of approximately
4% at NPR = 2.750 to 6% at NPR = 5.20 was observed.
Hence, additional analyses on the reduction of noise by

NPR = 2.750 and 5.200,

1.86405%2
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| |
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FIG. 16. (Color online) Comparison of the contours of FSMN and BBSAN source locations between (top) the fluidic injection nozzle and (bottom) the fac-
eted nozzle operating at NPR = 2.750 and TTR = 3.0. (a) FSMN source locations. (b) BBSAN source locations.
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matching specific thrust levels are necessary in the future to
accurately quantify the noise reduction.

V. SUMMARY AND CONCLUSIONS

Various analyses of the FSMN and BBSAN using the
developed statistical models have been performed for the
purpose of ascertaining the sensitivity with different param-
eters. We observed that the sensitivity of all parameters was
less than 0.13 and 1dB for FSMN and BBSAN models,
respectively. The convective velocity was found to be the
most sensitive parameter for the BBSAN model while the
length-scale and timescale were the most sensitive parame-
ters for the FSMN model. A comparison of the noise
radiated from different nozzle geometries, a MOC nozzle, a
bi-conic nozzle, and a faceted nozzle has been performed.
We observed that the noise radiated in terms of OASPL
from the bi-conic nozzle and faceted nozzle was within 2 dB
of each other in the sideline direction.

We also analysed the effect of perturbing the NPR,
TTR, area ratio, and exit boundary layer profile. We
observed that the BBSAN was most sensitive to area ratio
and least sensitive to the TTR. The FSMN was least sensi-
tive to area ratio and most sensitive to NPR. For BBSAN,
the MOC nozzle was found to be more sensitive than the bi-
conic nozzle due to the elimination of shock-cells when
operating at the design condition. The sensitivity of FSMN
was observed to be similar for both nozzle types. A maxi-
mum reduction of 1.5dB near the design condition for the
SMCO016 nozzle was observed with a small perturbation of
the exit boundary layer profile.

Finally, we analysed the fluidic injection noise reduc-
tion technique using the developed statistical models. The
design of the fluidic insert ports closely followed the work
of Morris e al.*' A reduction of 6 dB was observed for the
over-expanded case at NPR = 2.75, while an increase in
4-5dB was observed for under-expanded cases. The source
locations for BBSAN and FSMN are also plotted using the
identified source terms. The source locations shift upstream
towards the nozzle exit for the fluidic injection case com-
pared with the baseline faceted nozzle. The reduction at
over-expanded cases was observed to be consistent with
experimental measurements.*!
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