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Introduction

• Airport nuisance
• Increasing restrictions
• Jet noise predominant at take-off

• Passive solutions investigated
• Chevrons effective at take-off
• Penalizing during cruise

• Interest of active control
• Effective at take-off
• Turned off during cruise

• Micro-jets promising on a small scale single stream nozzle
• Experimentally investigated (Castelain, Ph.D. thesis, 2006)
• Possibility of numerical investigation ?
• Eventual reduction on hot jet ?

See also Castelain et al.:
- AIAA Paper 2007-3419
- AIAA J, vol. 46, No 5, pp. 1081-1087
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Simulated test cases

• Single stream nozzle, Æ= 50 mm (JEAN nozzle)

• Main jet temperature
• Isothermal Tj = 288 K Mj = 0.9
• Hot Tj = 576 K Mj = 0.64

• Micro-jets configurations
• 12 micro-jets
• Impinging angle of 45 degrees
• Tj = 300 K, Mj = 0.9

• Simulated control
• Isothermal jet: continuous & pulsed

(StF = 0.5 ; 1.5) micro-jets
• Hot jet: continuous micro-jets

Ma = 0.9

Time dependant control
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Use of in-house codes

• Flow simulation : CEDRE
• Non-structured, parallel solver
• LES simulation, MILES approach
• 1st to 3rd order time scheme
• 2nd order space scheme
• 4,500,000 cells grid
• 300 D/U of simulated time (50 ms)

• Micro-jets modeling
• Simplified approach : modification of the source terms in the equations

• Noise radiation : KIM
• Surface integral method (time domain) 
• Ffowcs-Williams and Hawkings porous surface formulation
• ~ 42 ms of simulated time available for analysis

Numerical implementation
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Illustration of micro-jets action

• Axial velocity loss due to micro-jets

• Return to axisymmetry after ~ 3D

micro-jets

Without micro-jets With continuous micro-jets

~ 3D
Back to axisymmetry

Illustrations given for the isothermal jet
x/D = 1 x/D = 3

simulations

Experiments – Castelain et al. AIAA 2007-3419
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Action on the aerodynamic fields : TKE

Control with continuous micro-jets

• Local increase at micro-jet injection
• Maximum of TKE appears more downstream in the jet
• Maximum TKE value decreased by a few %

Isothermal jet Hot jet
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Pulsed control, StF = 0.5

Pulsed control action on TKE

Isothermal jet configuration

• Results with StF = 1.5 similar to continuous micro-jets
• More important TKE reduction

• Strong differences observed for StF = 0.5

Pulsed control, StF = 1.5
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Illustration of micro-jets action

• StF = 1.5 control
• Similar to baseline simulation (and continuous micro-jets)
• Micro-jets seem to stabilize the jet

• StF = 0.5 control
• Strong response of the jet excited by the micro-jets

Without micro-jets Pulsed micro-jets, StF = 1.5 Pulsed micro-jets, StF = 0.5

Isosurfaces of axial velocity, Ux = 200 m/s
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Modifications of the vorticity field

• Investigations on axial vorticity at x/D = 0.5

• Creation of counter-rotating axial
vortices around each micro-jet

• Limited to x/D � 2

Without micro-jets Continuous micro-jets

micro-jets orientation

Without micro-jets

Continuous micro-jets

Cutting plane at x/D = 1

Castelain Ph.D. Thesis
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Far field noise radiation

• Continuous micro-jets effect on OASPL
• 2 dB reduction observed at 90 degrees
• For both temperatures
• Corresponds to a medium and high frequency reduction

Isothermal jet Hot jet
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Micro-jets action on radiated pressure

• PSD given for the isothermal jet

• Broadband noise reduction for all types of control
• More important broadband noise reduction for pulsed control

• Energetic tonal noises at harmonics of excitation
• Leads to an increase of OASPL

30 degrees 90 degrees



13
2009 Workshop on active flow control. 13-14 October 2009
Chalmers University of Technology, Göteborg, Sweden

Illustration of the tonal noises

Pulsed micro-jets, StF = 1.5 Pulsed micro-jets, StF = 0.5

Axial velocity isosurfaces, Ux = 250 m/s and pressure field
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Azimuthal analysis of the pressure near field

• Azimuthal decomposition of the near field pressure

• Theoretical approach
• Double Fourier transform, first in azimuth and then in time
• Give contribution of azimuthal modes to the pressure fluctuation prms

Surface where analysis 
is performed

p(x,� ,t) P(x,m,t) P(x,m,f)
FFT in space FFT in time

m: order of the azimuthal mode
f:   frequency

x:  axial position
� :  azimuthal angle

Double stream nozzle application : see Fayard et al., AIAA paper 2009-3355
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Modes contribution to total pressure

• Identical contribution of
modes +m and –m

• 95 % of total prms given
by modes |m| � 4

• Negligible contribution
of higher order modes

� Low order modes evolution investigated only

Modes contribution at x/D = 1
Cold jet simulations without micro-jets
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pulsed, StF = 1.5

Modes evolution – isothermal jet

• Continuous micro-jets reduce all modes
• Pulsed micro-jets action leads to strong modifications

• Level increase at nozzle vicinity

� In all cases, reduction of modes amplitude more downstream 
(x/D � 5 to 10)

without micro-jets continuous micro-jets pulsed, StF = 0.5

global prms

mode m = 0
mode m = 1

mode m = 2
mode m = 3
mode m = 4
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Conclusion

• Micro-jets effect numerically investigated on jet flow and noise

• Continuous micro-jets
• Creation of vortical structures around micro-jets
• TKE increased at nozzle exit, decreased downstream
• Far field noise reduction: - 2 dB at 90 degrees

• Pulsed micro-jets
• Different mechanisms at low and high StF excitation
• Higher broadband noise reduction but energetic tonal noises

Numerical tools ready for:
- further comparisons with experiments
- noise reduction mechanism investigations
- investigation of micro-jets phase on noise reduction
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Complementary results: azimuthal modes contrib.

• High order modes (m� 5) always have a negligible contribution 
to the global prms

pulsed, StF = 1.5without micro-jets continuous micro-jets pulsed, StF = 0.5
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High order modes – baseline

Mode order
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High order modes – continuous micro-jets
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High order modes – pulsed control, StF = 1.5
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High order modes – pulsed control, StF = 0.5
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Downstream evolution – baseline
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Downstream evolution – continuous micro-jets
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Downstream evolution – pulsed control, StF = 1.5 



26
2009 Workshop on active flow control. 13-14 October 2009
Chalmers University of Technology, Göteborg, Sweden

Downstream evolution – pulsed control, StF = 0.5 


