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Introdution

• Interest in Aerodynamis of square-bak bodies

• Reent projets on �ow ontrol for drag redution with �uidi injetion

→ Use of syntheti or pulsed jets at 2D and 3D model rear ombined with �aps.

• De�nition of a new model under the framework of Ativ_ROAD program (ANR) to study

the e�ets of �ow ontrol on simpli�ed personal ars and truks.
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Introdution

• Idealized pulsed jet time-evolution

Command signal V

Veloity at nozzle exit U

t
T
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Introdution

• Idealized pulsed jet time-evolution

Command signal V

Veloity at nozzle exit U

t
T

∆t

DC.T

o Interest in sharp veloity inrease after opening : vortiity,

o Fast-response atuator : high-frequeny periodi or non-periodi time evolution of

veloity,

o Manageable DC : redution of �ow ontrol ost
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Introdution

• Idealized pulsed jet time-evolution

Command signal V

Veloity at nozzle exit U

t
T

∆t

DC.T

o Interest in sharp veloity inrease after opening : vortiity,

o Fast-response atuator : high-frequeny periodi or non-periodi time evolution of

veloity,

o Manageable DC : redution of �ow ontrol ost

• Basi set-up for pulsed jet generation

Tank

Valve

Nozzle

Flow to be

ontrolled

⋆

⋆⋆
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Introdution

Some typial results obtained

• Joseph et al.

Exp.in Fluids, 2012

f=200 Hz
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Introdution

Some typial results obtained

• Joseph et al.

Exp.in Fluids, 2012

f=200 Hz

• Barros et al.

JFM, 2016

f = 610 Hz,

• PhD Thesis, M.Szmigiel, LMFA

What physial mehanism(s) may have suh an in�uene on the pulsed jet harateristis ?
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Introdution

Outline

1

Experimental set-up

1 Pneumati setup

2 Valve and ontrol board

3 Flow measurements

2

Results

1 Illustration of typial results

2 Proessing using dimensionless parameters

3 Basi modeling

3

Conlusions
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Experimental set-up

Experimental set-up

• Pneumati set-up
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• Pneumati valve : high speed two-port solenoid valve (SMC SX11-AJ)

• Pressure return fore to lose the valve instead of lassial return spring.

• Control board spei�ally developed by Ampère

1 2

• Phase 1 : Current inrease (470 µs)

• Phase 2 : Current ontrol
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Experimental set-up

• Pneumati set-up

Main

Tank

Pressure

regulator

Tank

U

P

Pressure transduer

Valve

Nozzle

HW

• Pneumati valve : high speed two-port solenoid valve (SMC SX11-AJ)

• Pressure return fore to lose the valve instead of lassial return spring.

• Control board spei�ally developed by Ampère

1 2

• Phase 1 : Current inrease (470 µs)

• Phase 2 : Current ontrol

• Pressure measurements upstream of the valve (Kulite ETL-1-140)

• Veloity measurements at the nozzle exit (Dante 55P01 probe and Dante miniCTA)
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Results

Typial result for an atuation frequeny of 10 Hz
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• Notieable osillations on pressure and veloity signals, vanishing at the end of eah phase

(opening or losing)

• Peuliarity of hw signal at losing : reti�ed waveform

• For eah phase, di�erenes in osillation frequeny between the �ow upstream and

downstream the valve.

• For eah loation (downstream/upstream), �xed osillation frequeny.
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Results

Test-ases for identi�ation of internal aousti waves

Nine di�erent on�gurations

• with variation in inlet pressure P
in

, L
up

and L
down

• at �xed duty-yle (50%) and atuation frequeny (10 Hz)

Main

Tank

Pressure

regulator

P
in

U

P

Pressure transduer

Valve

Nozzle

HW

L
up

L
down

P
in

[barA℄ L
up

[mm℄ L
down

[mm℄

2.5 450 185 210 250

2.88 206 155 169 177 200

3.7 206 155 177

→ Normalization possible between the di�erent results obtained by varying Pin, L
down

and L
up
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Results

Identi�ation of a time delay

Normalized upstream pressure Normalized downstream veloity
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• the time delays at opening and at losing are di�erent,
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• the time delays at opening and at losing are di�erent,

• at losing, the time delay dereases when P
in

is inreased.

→ valve working priniple : losing is obtained by pressure fore (pneumati spring)
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• the time delays at opening and at losing are di�erent,

• at losing, the time delay dereases when P
in

is inreased.

→ valve working priniple : losing is obtained by pressure fore (pneumati spring)

• at opening, the time delay is independent of P
in

,

→ Opening of the valve done by the eletromehanial fore of the solenoid, thus delay

less sensitive to pressure
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Modelling

Time delay modelling
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• time delay in veloity signals inreases linearly with the downstream length L
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given pressure.
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• time delay in veloity signals inreases linearly with the downstream length L
down

for a

given pressure.

• Movement of the mobile part of the valve is very fast, time delay assumed to result from

o a delay due to the valve opening (or losing)

o plus a delay due to the wave propagation from the valve to the sensor (pressure at

upstream, and veloity at downstream)
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• time delay in veloity signals inreases linearly with the downstream length L
down

for a

given pressure.

• Movement of the mobile part of the valve is very fast, time delay assumed to result from

o a delay due to the valve opening (or losing)

o plus a delay due to the wave propagation from the valve to the sensor (pressure at

upstream, and veloity at downstream)

Good math with time delays identi�ed from experimental data
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Modelling

Normalization

Normalized results from the 9 tested on�gurations.

Normalized upstream pressure Normalized downstream veloity
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• upstream (resp. downstream) osillation frequeny independent of downstream (resp.

upstream) length,
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• osillation frequenies are independent of the inlet pressure supply.
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Normalization

Normalized results from the 9 tested on�gurations.
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• upstream (resp. downstream) osillation frequeny independent of downstream (resp.

upstream) length,

• osillation frequeny after losing is equal to that after opening

• osillation frequenies are independent of the inlet pressure supply.

• the amplitude of the �rst peaks of pressure (resp. veloity) are :

o nearly proportional to P
steady

(resp. V
steady

),

o independent of the lengths of the onneting pipes,
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• upstream (resp. downstream) osillation frequeny independent of downstream (resp.

upstream) length,

• osillation frequeny after losing is equal to that after opening

• osillation frequenies are independent of the inlet pressure supply.

• the amplitude of the �rst peaks of pressure (resp. veloity) are :

o nearly proportional to P
steady

(resp. V
steady

),

o independent of the lengths of the onneting pipes,

• the osillation damping oe�ient is independent of the inlet pressure and the lengths

L
down

and L
up

.
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Modelling

Pressure osillations upstream of the valve

After losing

Tank

Valve

L
up
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Modelling

Pressure osillations upstream of the valve

After losing

Tank

Valve

L
up

≡

L
up

f
2n+1

= (2n+1) c
4L

up

; f
1

= c
4L

up

Good agreement between the experiments and the losed-end tube model

(max. deviation of 5% in estimation of f
1

)
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Modelling

Pressure osillations upstream of the valve
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Modelling

Pressure osillations upstream of the valve

After losing

Tank

Valve

L
up

≡

L
up

f
2n+1

= (2n+1) c
4L

up

; f
1

= c
4L

up

Good agreement between the experiments and the losed-end tube model

(max. deviation of 5% in estimation of f
1

)

After opening

L
up

Closed-end tube model still holds

Physial interpretation : Contration due to valve throat ≡ losed termination
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Modelling

Veloity osillations downstream of the valve

Valve

Nozzle

HW

L
down

• 'Simpler' ase : soni setion in the valve suh that Closed-end tube model is relevant

• Estimation of equivalent pipe length taking the nozzle geometry into aount not

straightforward.

Good agreement between the experiments and the losed-end tube model

(max. deviation of 8% in estimation of f
1

)
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Modelling

Modelling of damping

Two possible soures of damping :

• Aousti radiation

• Visous e�ets

L
up
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Modelling

Modelling of damping

Two possible soures of damping :

• Aousti radiation

• Visous e�ets

L
up

Modelling

⋆
of the damping oe�ient α (in time) after losing :

α =

√

ωd

2r

(

1+

√

χ

ν

(

Cp

Cv

− 1

))

where d an be seen as a 'penetration depth' for visous e�ets. For zero-mean �ows,

d =

√

2ν

ω

(⋆) Moloney & Hatten, Amerian Journal of Physis, 2001
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Modelling

Modelling of damping

Estimation of logarithmi derement δ : experiments (symbols)/ model (solid line) :
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Con�rmation of visous e�ets as predominant ause of damping
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Modelling

• Conlusions

• Existene of pressure (aousti) waves in pipes upstream and downstream of the

valve in a pulsed jet system.

• Deoupling of the pressure waves upstream and downstream of the valve.

• Osillation frequeny well approximated by losed-end tube model.

• Future work

• At high atuation frequenies, omplex interations between aousti waves

generated at opening with waves generated at losing,

• Resonane if atuation frequeny is lose to the aousti waves frequeny : possible

optimization for large blowing veloity peaks at onstant inlet pressure.

• Very di�erent blowing veloity patterns at the nozzle exit an be ahieved when

varying DC or atuation frequeny around .
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Modelling
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