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Motivation UF [FLORIDA
@ More than 107,000 sailors are living and working aboard US Navy ships

@ Over a billion dollars were spent each year by US Department of Veterans Affairs for
hearing loss disability benefits in the last decade!
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1Doychak J., “Department of Navy Jet Noise Reduction Project Overview,” 15th Annual Partners in Envi | Technical ium and Workshop,
Washington D.C., 2010.
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Components of Jet Noise
@ Two main components of jet noise - turbulent mixing
noise and shock-associated noise

@ Broadband shock-associated noise is generated due to
coherent interaction of large-scale structures with the
shock-cell structure

@ Fine-scale mixing noise is relatively spatially incoherent

@ Mainly dominant in the sideline and upstream direction

Shock Associated Noise

Potential Core

Shear Layer

2Brown, C., and Bridges, J. E., “Small Hot Jet Acoustic Rig Validation," NASA/TM-2006-214234, 2006.
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Prediction Model®

@ We start with the Navier-Stokes equations as the
governing equations

@ The field-variables such as density, velocity, pressure, and
temperature are decomposed into ,
aerodynamic fluctuations (g and §), and acoustic
fluctuations (q” and q”’)

@ The aerodynamic turbulent fluctuations (sources) are
brought to the right-hand side

@ The radiating acoustic components (propagators) are
brought on the left-hand side

@ The spectral density of the radiating components is
obtained by convolving the vector Green's function with
the source terms present on the right-hand side

3Miller, S. A. E., “Noise from Isotropic Turbulence,” AIAA Journal, Vol. 55, No. 3, 2017.

Patel and Miller Analysis of Noise Reduction Method for Supersonic Jets

UF [FLORIDA

Time
Averaged

Isotropic
turbulence - N
\

Anisotropic

Navier-
Stokes

equations

Decomposition
of field
variables

Bring turbulence

sources Vo
to RHS L)

Radiating
terms

Linearize
LHS

Use vector
Green’s function
and convolu-
tion integral

December 10, 2020 6 /18



- UNIVERSITY Of
Spectral Density of Pressure UF [FLORIDA

After some simplifications*, we obtain the spectral density of the field variable as

o0 4

Si(x, w) = J J Z Z q*L ™(x;y, w)qj‘l?(x;y+n, W)Ry 1 (y, 1, T)et*TdTdndy,
' 0o M= 0n=0
where
Rinn (¥, 1,7) = (@m(y, DOn(y +1, T+ A1) = J Om(y, T)On(y +n, T+ AT)dAT
Substituting k = 4 to find the spectral density of pressure, we obtain
00 4
Stxw) = | - J S S iy @ipd My . IR (v, T)e T drdndy
oo —co M=0m=0

4Ppatel T. K., and Miller, S. A. E., “Statistical sources for broadband shock-associated noise using the Navier-Stokes equations,” The Journal of the Acoustical
Society of America, Vol. 146, No. 6, 2019.
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Source Terms UF [FLORIDA

@ The source terms on the RHS are

0p Opu;
Q=—— =
TRt oy
@i:,%,%,ﬁsiﬁi ow W\l 220 u%
ot an an an an aXi 3 an an
0p y—10pwy,  Owp y—10puju Ly 0 [cpu oT
@:—;— = _ = L —1)— P =
T 2t Vo S {Pr ax,l

0 ou;  Ou 2.9 ou
—1)— ) —t =) — =0y — ) =k
Hy )axj {HE‘ (ax]— * 0x; )} 36 ) dx; {HE‘ 6xk}

o Different researchers®® have found that viscous terms are not important for sound
generation

5Lighthi|l, M. J., “On Sound Generated Aerodynamically |. General Theory,” Proceedings of the Royal Society of London. Series A. Mathematical, Physical, and
Engineering Sciences, Vol. 211, No. 1107, 1952.

6Mo|l6—Christensen, E., “Jet Noise and Shear Flow Instability Seen From an Experimenter's Viewpoint,” Journal of Applied Mechanics, Vol. 34, No. 1, 1967.
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FSMN and BBSAN Source Term UF [¥1 ORIDA

@ The same FSMN source term proposed by Tam and Auriault” is also obtained from the
Navier-Stokes equations as

Dt Dt T2

S

Dok pp@k@ 52K2 .
RFSMNz(v—1)2< P 2P0 N n(y-12 s

@ The only term that scales as % for BBSAN is the product of gradient of mean pressure
and the large-scale velocity fluctuations

(1) 2 (1) A
ou; pW augn)p(2)>% ,0p1) ap

RBBSAN=Y2< oy, dy
j m

7Tam, C. K. W., and Auriault, L., “Jet Mixing Noise from Fine-Scale Turbulence,” AIAA Journal, Vol. 37, No. 2, 1999.
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Statistical FSMN Model UF [FLORIDA

For fine-scale noise, we use the same normalized two-point cross-correlation as Tam and
Auriault as

R=exp (—ia _n2 (& —ut)® +m2 + Cz])

T, 12
We obtain the spectral density as

| T \3/2 » p2K§ 15 2 exp |:_ﬁ2(z)jllr1§2]}
stixw) = (55) =1 paxy, @) dy
4In2 T 2
B 1+ (1 — oocos 6) w22

The resulting model is equivalent to the Tam and Auriault model
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Statistical BBSAN Model
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We now consider different length scales in the cross-stream directions and model the
normalized two-point cross-correlation as

5 { ITI} [ (&—ucT)T { n’ CT
R =exp . exp e exp —

B3

After integrating and simplifying, we obtain a closed-form prediction model as

1 Y’w? i U AP 2.2
Sy(x, w) = W L L3t exp 1 sin 9(12 cos® ¢ + 15 sin d)) :

-
aij(y)ﬂj (y)

2
0 |:7l% _ wcc:)ose /4:|
b=

1+ (1—Mcosb + %)2 w%ﬁ] 0Ym

K, Y2, Ys)dk | T (y)dy,

However, very good prediction results are obtained using LES data with the identified source
term and free-space Green's function®

SShen, W., Patel, T. K., and Miller, S. A. E., “Extraction of Large-Scale Coherent Structures from Large Eddy Simulation of Supersonic Jets for
Shock-Associated Noise,” AIAA SciTech 2020 Forum, AIAA Paper No. 2020-0742, 2020.
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Comparison of Different Nozzle Geometries UF [FLORIDA

@ The biconic and faceted nozzle contains shocks
even at design conditions 1o

@ Hence, shock-associated noise is present even at
design condition
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Nozzle Design and Computational Grid

@ The design of the fluidic
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90° injection angles

Nozzle Injector
NPR TTR | IPR ITR
2.750 3.000 | 2.750 1.000 Nozzle Wall
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4320 3.000 | 4320 1.000 Flow direction Nozzle
5.200 3.000 | 5.200 1.000

Center-line

9Morris, P. J., et al., “Noise Reduction in Supersonic Jets by Nozzle Fluidic Inserts,” Journal of Sound and Vibration, Vol. 332, No. 17, 2013.
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Results for NPR = 2.750 and TTR = 3.00
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Clockwise starting from the top-left: Numerical schlieren
comparison, FSMN source location comparison,

BBSAN source location comparison of the fluidic

insert nozzle with the faceted nozzle, and Mach no.

and TKE contours at different cross-sections
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Results for NPR = 5.200 and TTR = 3.00 UF [FL 6RIDA
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Acoustic Results

OASPL [dB]
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@ BBSAN reduces at over-expanded condition and increases at under-expanded conditions
@ BBSAN OASPL reduces by 6 dB at NPR = 2.750 and increases by 4 dB at NPR = 5.200
@ FSMN OASPL reduces by 1.75 dB at all operating conditions
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@ Identified the FSMN and BBSAN source term from the Navier-Stokes equations

@ Developed statistical models for FSMN and BBSAN

@ Noise radiating from different nozzle geometries were compared using the
identified source term

@ Fluidic injection noise reduction technique was analysed using the identified
source terms

@ Approximately similar noise reduction is obtained in the present work when
compared to the experiments of Morris et al.10

@ The identified source terms can be used for quantifying noise reduction due to
different noise reduction techniques in the future

10Morris, P. J., McLaughlin, D. K., and Kuo, C.-W., “Noise Reduction in Supersonic Jets by Nozzle Fluidic Inserts," Journal of Sound and Vibration,
Vol. 332, No. 17, 2013.
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Thank You for your Attention!
Questions?
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