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Motivation

Source: www.nasa.gov
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otl\}ation

Source: www.jongustafsson.com
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Motivation

Source: www.wikipedia.org
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Stromboli 2013
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Acoustics of a Free Jet

——  screech tone

broadband
shock noise

@ turbulent mixing noise
@ broadband shock noise
@ screech

SPL (dB/Hz)
8

0.03 0.1
Strouhal number, St = fD/U; Jet

Noise Spectrum (Tam 1995)
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Acoustics of a Free Jet

Shock Shear Layer Interaction
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The Impinging Jet

Radial Velocity [m/s]

Pressure [Pa]
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Iso-surfaces at Ma = 0.2: pressure and at Q = 105m?s—*
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The Impinging Jet

Wall shear stress and Nusselt number

Wall shear stress (N/mmA2)
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The Impinging Jet

Nusselt number and turbulent heat flux
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Acoustics of a supersonic impinging jet

Impinging tones
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Details of the Numerical Simulation

@ compressible Navier—Stokes equations

@ 6. order in space (compact)

@ 4. order Runge-Kutta / exponential Krylov in time
@ Domain of free jet: 24D x 12D x 12D

@ Domain of impinging jet: 5D x 12D x 12D

@ Grid of free jet:
2048 x 1024 x 1024

@ Grid of impinging jet:
1024 x 1024 x 1024

nonreflecting
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Goal of the talk

@ Jets are tremensously expensive to compute
@ the main players are

> jet modes

> shocks
@ Targets of interest

» Sound pressure level
» Particle Load
» Mass Flow
» Heat Transfer
@ Target seems to depend on those “simple” structures

» model dependency of targets by Ma,Re
» identify parameters by simple measurements
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Acoustics of a Starting Jet

Trailing jet J Vortex ring J

Shock-waves ) Radiated noise }
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Acoustics of a Starting Jet

Interaction shear layer - shock-wave - vortex ring

aight sho
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Acoustics of a Starting Jet

Interaction shear layer - shock-wave - vortex ring
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Acoustics of a Starting Jet

Interaction shear layer - shock-wave - vortex ring
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Acoustics of a Starting Jet

Interaction shear layer - shock-wave - vortex ring
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Acoustics of a Starting Jet

Interaction shear layer - shock-wave - vortex ring
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Acoustics of a Free Jet

Modal Structure

1 1.2 14 1.6 18

Principal jet modes
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Acoustics of a Free Jet

associated Sound Radiation
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Particle flow

Jet noise modification due to Particles

Figure: Vortical Modes, without and with particles
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Particle flow

Jet noise modification due to Particles

e AT

Figure: Vortical Modes, without and with particles
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Particle flow

Jet noise modification due to Particles

Figure: Vortical Modes, without and with particles
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Acoustics of a Free Jet

Sound pressure level at different observation angles
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Modal Decomposition of a supersonic Free Jet

Distribution of Eigenvalues
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Modal Decomposition of a supersonic Free Jet
Dynamic Mode at Sr = 0.37
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Flow field of a supersonic Impinging Jet

left: Q middle: p right: div(u)
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Acoustics of a supersonic impinging jet

Sound pressure level at different observation angles
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Modal decomposition of a supersonic impinging jet

Distribution of Eigenvalues
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Modal decomposition of a supersonic impinging jet
Dynamic Mode at Sr = 0.35 (0.70)
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Objective

Basic concept

Data
Experiment | < Model

assimilation

T

Difference between computed and measured states is to be
minimized
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Objective

Basic concept

Data
Experiment | < Model

assimilation

min J) fff (U, U,"plv)z dSp dt

b S,
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Adjoint equations

Introductory example

Objective function

tend
1
J = 5//(«7—%)%9
Q b
5 = [ [(a-au)squ
Q g
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Adjoint equations

Introductory example

Objective function

Lend

J = 5[ [@-aunre

Q

od = //(q—qtar)éqdﬂ
Q2 g

Constrained optimisation
Linearised Navier-Stokes equations
Néqg = of
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Adjoint equations

Introductory example

Lagrangian approach

5J = g'sq—(q7)" (Néq - f)
=0
= 69" (g—N"q")+(q")7of
H—/

=0
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Adjoint equations

Introductory example

Lagrangian approach

0J = g'6g—(q")" (N6q— df)
=0
= 469" (9— NTq") +(q") of
=0

Jorn Sesterhenn (ISTA) Jet Noise



Adjoint equations

Introductory example

Lagrangian approach

0 =

g’éq—

59" (9 — NTq") +(q*)76f
\_v_/

=0

(q")" (Nsq — 5f)
—_————

=0
Change of J becomes simply
s = q'léf— ‘;—‘f’ =g~V
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Adjoint equations

Iterative procedure

Optimal change of f

it = fn+VfJ

initial guess

=0

Jorn Sesterhenn (ISTA)

direct
solution
Na.f)

adjoint
solution
N9q.q9,A9)

update "
- line search
- CG methods

gradient

@)

Jet Noise

target
q,

target

convergence

optimal
f
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Adjoint equations

Compressible Navier-Stokes

Euler equations
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Adjoint equations

Compressible Navier-Stokes

Linerisation
o aﬁ ® 55 + O gb 3qs + C'dy0qs + 6Cyc5 = OF
v v
A B
q = [o, uj, pl
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Adjoint equations

Compressible Navier-Stokes

Lagrangian approach

/ / 6JdQ = / / 970qdQ

— / / a7 (0:Asq + 85,B'6q + C'0,6q + 6Cdy.c — 5f) dQ

=0

dQ = dx;dt is the space-time measure
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Adjoint equations

Compressible Navier-Stokes

Integration by parts

/ / 5JdQ = / / 5q" gdQ

4 / / 5q"AToq*dQ
TRiT *

+//6q B 8,,q"dQ
T iT _«

+//6q 0C q dQ

— // 6qTCi8X,c

+// q*TsfdQ

=len
_ |:/ 5qTATq"dX,-] ‘
=ty

: xj=L;
_ [/6qTB’Tq*dt] o

=50

X Xj=Lj
_ [/6qTC’Tq*dt] Y
Xi=Xj 0
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Adjoint equations

Compressible Navier-Stokes

Factor out different variations

// 5JdQ = // q*T5fdQ

+ // 69" (9+AT0q" + B 05" + 0,0 q" — Coe) an

I

t=teng
- [ / 6qTATq*dx,]

t=ty

n

. Xi=L; . Xi=L;
_ [/ 5qTB’Tq*dt} S [/ 6qTC’Tq*dt} Y

Xi=Xj,0 Xi=Xj,0

n
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Adjoint equations

Compressible Navier-Stokes

Term I: Resulting adjoint equations

g =—AT "B oyq  — AT 9,01 g + AT 'Cioe— AT g

Navier-Stokes:
— ATo,q" — B 0q* — 04,C' q* + Cloxe =
_,’_BXI_DTaX[q* _ EiTaXiq* + F”Tax‘-FlTaxiq* _ 8XiGiTq* + HTq* +g
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Adjoint based data assimilation of NSCBC

Simplified derivation

Adjoint equations
Lagrangian approach
5J=9g76q— q*T (8:A5q + 9,Bsq — 5f)
— 1T (69(0,1) — 5I(t))  (left boundary)
— r*T(5q(L,t) — 6r(t)) (right boundary)

Inclusion of boundary conditions (1D simplification)

q(x =0,t) = ()
gix=1Lt)=r(t)
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Adjoint based data assimilation of NSCBC

Simplified derivation

Adjoint equations

3J =06q" (g+AToq" + BToq") +q* T of

=0
— [6q"ATq"] Z; (adjoint initial condition)
~ [6q"BTq7] Zé (adjoint boundary condition)

—6q(0, )71 + I T8I(t)
—8q(L, )T r* 4+ r*Tor(t)
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Adjoint based data assimilation of NSCBC

Simplified derivation

Simplified derivation

§J=06q" (9+AToq* + BTo,q*) +q* T sf

=0
+6q(0, )" (+B7q*(0,t) — I*) + I*TéI(¢)
=0
+0q(L, )T (=BT q* (L, t) — r*) + r*7or(t)
=0
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Adjoint based data assimilation of NSCBC

Simplified derivation

Resulting sensitivities

% = I*=-BTq*(0,t) = V,J

%{ =r*=4+B"g*(L,t) = V,J

v

Optimal change of the boundaries is defined by the adjoint solution
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Adjoint based data assimilation of NSCBC

Example
Setup

_ e Euler equations (2D)
@ Non-reflecting bounds

g @ Slip wall on the right

g e Target: formation of a

g pressure pulse @ t=T
@ Control: Non-reflecting

bounds
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Adjoint based data assimilation of NSCBC

Example: results

Results

PPy, @1-0.01955 [Pa)
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Adjoint based data assimilation of NSCBC

Example: results

Results
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Boundary optimisation
Application

Flow analysis: pressure from PIV

entropy [J/K] @t=0.010519s

Jorn Sesterhenn (ISTA) Jet Noise Berlin 19/20.5.2015 44 /52



Boundary optimisation
Application

Optimisation of boundary terms
20
0.3 e '
PR " P | 10
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Adjoint based assimilation of NSCBC

Results

Results
au [m/s] au, [m/s]
0.3 20 0.3
10 20
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y
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Adjoint based assimilation of NSCBC

Results

Results

10’

10" 0.05
=
= 0
—_ 102

. -0.05
10 ]
10 20 30 40 50 01 015 02 025
iteration x [m]
4

Computation time 5h (single core MatLab)
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Experiment
Facility

Buildup

High sub-sonic range
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Experiment

Measurement

'2D’ jet, core velocity 100ms~'
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Experiment

Measurement

PI1V based velocities

u, [m/s] u

50
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Conclusion

Done
@ J.Fernandez, R.Wilke,& M.Lemke did a good job so far
@ Jet Noise characteristics can be traced back to simple mode interaction
@ modes can be identified from real experiments

To do
@ Describe Mode dependency on
Re
Ma,

@ capture bifurcations
@ charactersize flow state from measurements
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