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Abstract An axisymmetric air jet exhausting from a 22-

degree-angle diffuser is investigated experimentally by

particle image velocimetry (PIV) and stereo-PIV mea-

surements. Two opposite dielectric barrier discharge

(DBD) actuators are placed along the lips of the diffuser in

order to force the mixing by a co-flow actuation. The

electrohydrodynamic forces generated by both actuators

modify and excite the turbulent shear layer at the diffuser

jet exit. Primary air jet velocities from 10 to 40 m/s are

studied (Reynolds numbers ranging from 3.2 to

12.8 9 104), and baseline and forced flows are compared

by analysing streamwise and cross-stream PIV fields. The

mixing enhancement in the near field region is character-

ized by the potential core length, the centreline turbulent

kinetic energy (TKE), the integrated value of the TKE over

various slices along the jet, the turbulent Reynolds stresses

and the vorticity fields. The time-averaged fields demon-

strate that an effective increase in mixing is achieved by a

forced flow reattachment along the wall of the diffuser at

10 m/s, whereas mixing enhancement is realized by exci-

tation of the coherent structures for a primary velocity of

20 and 30 m/s. The actuation introduces two pairs of

contra-rotating vortices above each actuator. These struc-

tures entrain the higher speed core fluid toward the ambient

air. Unsteady actuations over Strouhal numbers ranging

from 0.08 to 1 are also studied. The results suggest that the

excitation at a Strouhal number around 0.3 is more

effective to enhance the turbulence kinetic energy in the

near-field region for primary jet velocity up to 30 m/s.

1 Introduction

Among classical turbulent shear flows, axisymmetric jets

are of great importance for a variety of applications such as

aeronautical engine combustors or exhaust nozzles. Civil

applications such as chimney stacks, chemical reactor or

cooling systems are also concerned with the enhancement

of jet mixing and spreading. The control of round turbulent

jets exhausting in a quiescent flow was widely investigated

due to the high excitability of the natural modes of insta-

bility. The boundary layer between two fluids of different

velocities, temperatures or densities is naturally unstable

and small perturbations imparted to the region where the

large-scale structures initiate can be sufficient to signifi-

cantly change the mixing properties. The improvement of

the mixing characteristics of a controlled air jet usually

involves different mechanisms mainly based on the

manipulation of large-scale turbulent structures. The

increase in mixing can consist in promoting and energizing

strong streamwise vorticity which can improve the fluid

transfer between the inner and outer flows. Successive

merging of coherent structures (Winant and Browand

1974), the natural growth of the flow structures along the

shear layer axis (Zaman and Hussain 1980) or the ampli-

fication of the natural azimuthal instabilities (Mankbadi

1985) can be involved in the overall increase in the fluid

entrainment.

Many studies have demonstrated that the mixing and

spreading rate of a turbulent jet can be significantly altered

by applying a suitable excitation at the jet exit. Passive
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control devices such as tabs can generate contra-rotating

vortices pairs inducing strong streamwise vorticity that can

change the vortex and turbulent structures of the jet flow

and thus enhance the jet mixing (Zaman et al. 1994; Reeder

and Samimy 1996). These flow structures produced in the

near-field region could result in an increase of the turbulent

kinetic energy in the far-field region (Bridges 2002). For

instance, Zaman et al. (1994) have demonstrated that the

length of the potential core of an axisymmetric jet can be

shortened (the jet centreline pressure decays much faster

and the length of the potential core is reduced by approx-

imately 2 diameters with 4 delta-tabs) and that the flow

modifications occur up to 6 diameters downstream the exit

of axisymmetric subsonic and supersonic air jets.

As previously mentioned, the initial shear layer of axi-

symmetric jets is particularly sensitive to small

disturbances which are amplified through their natural

instability (Huerre and Monkewitz 1990). A large spread-

ing can be achieved if proper excitation frequencies are

chosen (Parekh et al. 1996). As opposed to the passive

control method, active control devices are suitable for

performing effective unsteady excitations. Acoustic exci-

tations (Corke and Kusek 1993; Parekh et al. 1998), fluidic

systems (Strykowski and Wilcoxon 1993; Parekh et al.

1996; Boguslawski et al. 1999; Delville et al. 2000) or

MEMS (Kurimoto et al. 2005; Suzuki et al. 2004) have

demonstrated their efficiency to promote the initial insta-

bilities of axisymmetric jet flows resulting in promising

improvements of the jet mixing and spreading.

Passive and active devices can be united in order to

emphasize the flow control. For instance, a short diffuser

attached to the exit of an axisymmetric air jet induces

higher initial thickness of the shear layer but also increases

the effectiveness of a suitable periodic excitation (Pack and

Seifert 1999). Such configuration increases the number of

parameters having consequences on the effectiveness of the

control for jet deflection and mixing purposes. The diffuser

attached to the jet exit allows to significantly increase the

jet spreading even by applying small excitation in the

region where large-scale structures initiate. Furthermore, in

the case of an excitation operated in counter-flow mode, a

jet extended by a small angle diffuser can promote absolute

instability (Strykowski and Wilcoxin 1993). More recently,

Ben Chiekh et al. (2003) studied a jet flow, naturally sep-

arated from the walls of a large angle diffuser. The

synthetic jets placed in the direction of the primary flow (at

the juncture between the jet exit and the diffuser) allowed

to attach the flow along one lip of the diffuser. A local

singular action or two simultaneous actions at opposite

positions result in a jet vectoring and in a mixing increase,

respectively.

Actuators based on plasma discharge technology are

currently developed for a wide range of industrial purposes

including the active control of airflow (Moreau 2007; Roth

et al. 2007). Two plasma actuator concepts have proven

their efficiency for airflow control. The first one uses the

local thermal effect due to arcs discharge occurring in the

inter-space of two electrodes powered by a high-voltage

amplifier. Samimy et al. (2004) were the first authors to

force various instabilities in free jet with an actuator based

on a local high frequency heating (repetition rate up to

200 kHz) resulting in a pressure jump in the filament

region. Eight electrodes were placed around the nozzle

perimeter of a Mach 0.9 (Samimy et al. 2007a) and 1.3

(Samimy et al. 2007b) round jet, 1 mm upstream the exit

plane. Results demonstrate that a substantial mixing

enhancement is achieved if the jet is excited around its jet

preferred mode (Strouhal number from 0.2 to 0.5). This

range of Strouhal number (St) caused a significant reduc-

tion of the potential core (the potential core length is of

about 6–8 diameters for baseline flow while the centreline

velocity began to decay at 4 diameters for controlled case)

and an increase in the decay rate of the centreline velocity

beyond the end of potential core where the manipulated

large-scale structures directly interact with the centreline

region. The second category of plasma actuators consists in

generating an ionized surface area above an aerodynamic

wall. This ionized air region produces an electrohydrody-

namic (EHD) force inducing a change in pressure

distribution above a dielectric surface due to a local electric

wind tangentially to the plasma surface. Corona discharges

or dielectric barrier discharges (DBD) allow to create a

local electric wind of a few m/s (0–8 m/s) at the dielectric

surface. The velocity can be controlled by adjusting the

high-voltage magnitude, the frequency and the electrode

geometry (Roth and Dai 2006; Forte et al. 2007). The

produced airflow can be directed in co-flow or counter-flow

mode according to the geometric configuration of the

electrodes. Furthermore, and contrary to local arcs, the

thermal effects are not responsible for the local airflow

produced by a single DBD and have no effects on the flow

control process (Jukes and Choi 2006). Despite the low

velocity generated by a surface plasma discharge, and due

to the direct interaction within the boundary layer, lots of

subsonic aerodynamic flows have been controlled using

non-thermal surface plasma actuators (Corke and Post

2005; Moreau 2007). Control of axisymmetric jet was first

studied by Corke and Matlis (2000) using a phased plasma

arrays composed of nine DBDs placed inside a circular

extension nozzle. The plasma formed in contact with the air

jet (main jet velocity of about 30 m/s, Reynolds number of

about 1.05 9 105) allowed to excite the helical modes m

(0 B m B 8) via an electric wind transverse to the primary

flow. The results demonstrated that the actuation induced

high centreline fluctuations and that, downstream the jet

exit, the excitation resulted in slightly faster centreline
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velocity decay, demonstrating a small increase in mixing.

Since 2007, our research group has performed new exper-

iments concerning the control of round air jet by DBD

actuations. Our recent studies involve control of axisym-

metric jets equipped with small angle diffusers in order to

enhance the overall effects of the control as reported by

Pack and Seifert (1999). The first investigation purpose was

to demonstrate that a single DBD actuator (covering 1/4 of

the jet perimeter) was an effective device to perform thrust

vectoring (Benard et al. 2007a). By controlling the flow

separation along the diffuser wall, a jet vectoring of 13�
was observed at the exit of an axisymmetric jet equipped

with a 12-degree diffuser for primary jet velocity of 20 m/s

(ReD = 6.4 9 104). The effects of an unsteady actuation on

turbulence were studied in a complementary publication

(Benard et al. 2007b). The spectrum analysis of the data

collected by a laser Doppler velocimeter along the shear

layer axis demonstrated that the large scale organization

can be forced at a specific electrical frequency (up

to St = 0.8, i.e. 320 Hz) imposed by the input signal for

primary jet velocity of 20 m/s (ReD = 6.4 9 104). This

manipulation of the large scale flow structures is pre-

sumably due to the excitation of the instability in the

initial region. On the other hand, the forced flow reattach-

ment along the diffuser wall is responsible for the

shedding of flow structures at lower main jet velocities

(ReD & 3.2 9 104) (Benard et al. 2008).

The ability of a DBD actuator to manipulate the flow

structures promotes the idea that DBD actuators could

constitute an effective device to enhance the mixing of

round turbulent air jet. In the present study, an axisym-

metric non-reactive air jet is controlled using two DBD

actuators placed symmetrically at the surface of a 22-

degree-angle diffuser. Steady and unsteady actuations are

performed in order to define the most efficient excitation

mode to amplify the large vortex structures and the

resulting increase in mixing. The results are obtained using

a particle image velocimetry system allowing to measure

the two or three velocity components. The analysis is based

on the flow modifications in the longitudinal and stream-

wise planes. Further analyses are performed by examining

the turbulent kinetic energy values. The processing of the

collected data in terms of vorticity allows to highlight the

time-averaged results.

2 Methods

2.1 Aerodynamic configuration

Experiments are performed in a 2 m-long-circular open

wind tunnel at free-stream velocities up to 40 m/s. The

axisymmetric jet exit has a diameter of 72.5 mm and is

attached to a circular contraction outlet (ratio of 1:64). The

flow is driven by a variable frequency centrifugal fan

(FEVI F18G-1R-500), and passes through a series of five

fine screens with decreasing grid sizes before entering into

the contraction and the jet nozzle. The jet nozzle (see

Fig. 1) includes a small angle diffuser (see Fig. 2)

machined in polymethyl methacrylate (PMMA). The jet

nozzle is 210-mm-long and a turbulator ring, fixing the

laminar-turbulent transition, is placed 200 mm upstream

the exhaust of the jet.

The bevels of the diffuser are 30-mm-long (see Fig. 2c)

and form a 22-degree-angle with the internal jet nozzle.

The half-angle of the bevel (22�) was chosen to avoid any

natural flow attachment in this region. Furthermore, Pack

and Seifert (1999) have proven that the presence of such

diffuser affects only the initial thickness of the jet shear

layer and slightly enhances the spreading rate of the

baseline flow. The use of high-voltage in a confined region

requires a particular care about electrical interactions

between the electrodes of the two DBDs. Here, this char-

acteristic dictates the design of a blunt trailing edge.

Indeed, the thickness of the trailing edge (h = 9 mm)

increases the distance between the active and grounded

electrodes and thus prevents the spark discharges at large

amplitude high-voltage which can result in drastic damage

of the experimental model. It is expected that this thickness

has no consequence on the spreading rate of the naturally

separated baseline flow. However, the growth rate of some

controlled cases could be increased due to the larger scale

vortices promoted by the thick trailing edge (Braud et al.

2004). This point will be discussed later in the paper.

In the present study, the internal diameter (D = 50 mm)

of the nozzle (upstream the diffuser) is considered as the

reference length. Four Reynolds numbers based on the

internal diameter D are investigated (ReD = 3.2, 6.4, 9.6

Fig. 1 Sketch of the jet nozzle exit including the diffuser

Exp Fluids (2008) 45:333–355 335

123



and 12.8 9 104) which correspond to primary air jet

velocities (Uj) of 10, 20, 30 and 40 m/s, respectively. The

time-averaged centreline velocity at the jet exit is measured

with an analogical manometer (Furness, FCO14).

2.2 The dielectric barrier discharge actuator

The DBD actuator consists in two thin aluminium sheets

(0.1 mm thick) separated by the wall of the nozzle exit

(Fig. 2a–c, electrodes in grey). The wall acts as the

dielectric and is 3-mm-thick. The electrodes are 20-mm-

wide and 40-mm-long (along the internal perimeter of the

jet) and the plasma discharge region is extended by the use

of a small gap (5 mm) between the electrodes (Fig. 2c).

Two DBD actuators are placed symmetrically on the nozzle

wall in order to excite both sides of the diffuser and they

cover 50% of the jet perimeter. An AC sinusoidal 40 kVp-p

HV is applied to the electrodes in contact with the jet and

the second electrode pairs are grounded. The operating

frequency is 1.5 kHz and a high-voltage power generator

(Trek 30 kV/40 mA, New-York, USA) is used to amplify

the sinusoidal signal generated by a digital waveform pro-

cessor (TTi, TG1010A, Cambridgeshire, England).

The plasma ignition occurs when the electric field is

locally sufficient to induce a pre-breakdown of the air. The

charged particles present in the plasma (positive and neg-

ative ions, electrons) transfer their momentum to the

neighbouring neutral particles by collisions. This momen-

tum transfer induces a local electrohydrodynamic force,

producing a flow of a few m/s located at the boundary

layer. In our configuration, the produced ‘electric wind’

occurs in a co-flow mode presumably allowing a pressure

gradient decrease along the bevels of the diffuser.

According to previous measurements, this configuration

ensures an ionic wind of 6 m/s located at 0.5 mm above the

wall surface (Benard et al. 2007a). The velocity ratio

UDBD/Uj (where UDBD and Uj refer to the airflow velocity

produced by the actuator and the main jet velocity,

respectively) at the jet exit was held at about 60 to 15% (for

ReD = 3.2 and 12.8 9 104, respectively). The non-thermal

plasma device can operate either in a quasi-steady or

unsteady manner. The quasi-steady mode consists in

applying the electrical signal detailed above because the

fluid response of the flow is supposed to be much lower

than the AC frequency. In unsteady actuation mode, a first

signal frequency is alternatively switched off and on at a

lower frequency, with a duty-cycle value set to 50% (Post

and Corke 2004).

2.3 Measurement facilities

Standard particle image velocimetry (PIV) and stereo-

scopic-PIV are used to explore the flow characteristics at

the jet exhaust (maximal repetition rate of 15 Hz). Both

systems are provided by Lavision company and are com-

posed of one (for 2D2C PIV) or two (for 2D3C PIV) CCD

cameras (Lavision, 1,376 9 1,040 pixels) and a Nd:Yag

laser (Quantel, Twins ultra). This laser generates a 1-mm-

thick sheet adjusted in the visualization plan and each laser

head operates at 27 mJ per pulse. The flow is seeded with

fine oil droplets (ddroplets = 0.5–2 lm) injected in the

centrifugal fan. These seed particles result from the

atomization of a pure pharmaceutical oil (Ondina 15) by a

fog generator (Deltalab, EI511). The velocity components

are computed using a cross-correlation algorithm with

adaptative multipass, interrogation windows of 32 9 32 to

16 9 16 pixels and an overlap set to 50%. Data acquisi-

tions in the xy plan (longitudinal acquisitions, see Fig. 3a)

are realized using 2D PIV as the flow is supposed to be

axisymmetric with primary air jet velocity occurring in the

x direction. The camera is mounted at a distance of 0.5 m

from the laser light sheet. The laser is adjusted on the

centre of the couple of DBD actuators (xy plan) so that the

spatial resolution of the vector fields is 1.74 9 1.74 mm

(i.e. image resolution of 0.29 mm per pixel). Transverse

acquisitions (yz plans, see Fig. 3b) are performed using

Fig. 2 Schematic of the jet nozzle diffuser, geometry and localiza-

tion of the actuator
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stereoscopic PIV in backward scattering mode. The laser

sheet is placed at 5 mm of the jet exit (x/D = 0.1) and both

CCD cameras are mounted on the same side of the light

sheet with an opening angle of 90� (the image resolution is

0.09 mm per pixel). This configuration is retained to cap-

ture the primary velocity component Vx with minimizing

errors. The duration between two successive pulses ranges

from 250 to 60 ls for Reynolds numbers ranging from 3.2

to 12.8 9 104 during the 2D2C acquisitions (these times

being 90 and 22.5 ls for 2D3C measurements). The

maximum particle displacement is approximately 6 pixels

with a sub-pixel error of ±0.1 pixel, which corresponds to

a minimal measurement accuracy of 1.15 and 0.9% in the

primary velocity for 2D2C and 2D3C measurements.

Time-averaged and turbulent quantities are computed from

sequences of 300 instantaneous fields. A statistical analysis

has demonstrated that a satisfactory convergence is

achieved if a minimum of 150 instantaneous PIV fields are

used to compute the mean velocity (the statistical conver-

gence was checked along the shear layer axis and for

centreline positions). The fluctuating velocity components

are converged using approximately 250 PIV snapshots.

3 Results and discussions

3.1 Baseline flow

Velocity profiles near the jet exit plane (x/D = 0.4) are

shown in Fig. 4. The normalisation is relative to the

centreline velocity Uj, D is the internal jet diameter and U

refers to the primary velocity component of the main jet.

This figure exposes the near-field region over the whole

Reynolds number range in order to characterize the base-

line jet and verify the effects of the turbulator ring located a

few diameters upstream the jet exit. The mean velocity

profiles consist in symmetrical top-hat distributions over

the Reynolds numbers investigated. According to the cross-

stream size of the potential core (i.e. approximately 0.5D,

while the jet exit diameter is about 1.44D), it could be

expected that the initial jet flow is fully detached from the

walls of the diffuser.

The cross-stream distributions of the fluctuating veloc-

ities u0 close to the jet exit are presented in Fig. 5. Across

x/D = 0.4, the relative initial turbulence intensities u0/U
are symmetric with respect to the centreline axis and they

present a double peak distribution. The potential core tur-

bulence level is around 4%. As expected, the analysis of

the non-dimensional fluctuating velocity indicates that the

peaks of turbulence level occur in the shear layer. The

locations of these peaks are nearly symmetrical and the

‘initial’ turbulence intensities in the shear layer remain

Fig. 3 Diagram of the PIV arrangement for streamwise (a) and cross-

stream (b) acquisitions
Fig. 4 Cross-stream distribution (at z/D = 0) of the mean velocity

near the jet exit (x/D = 0.4) for Reynolds numbers from 3.2 to

12.8 9 104

Fig. 5 Cross-stream distribution (at z/D = 0) of the fluctuating

velocity u0 near the jet exit (x/D = 0.4) for Reynolds numbers from

3.2 to 12.8 9 104
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rather constant (turbulence intensity of about 8–9.5%). It is

assumed that the flows are fully turbulent for every tested

velocities.

The turbulent shear layer thickness (d0.99) is calculated

from the mean velocity profiles at x/D = 0.2 and corre-

sponds to the distance at which the velocity is 99% of the

core jet velocity. The results indicate that d0.99 is inde-

pendent of the Reynolds number (d0.99 & 23 mm). The

momentum thickness of the shear layer (h) is also mea-

sured closer to the jet exit at x/D = 0.2 with the following

formula:

h ¼
Z1

0

U yð Þ
Uj

1� U yð Þ
Uj

� �
dy ð1Þ

At x/D = 0.2, for baseline flows this momentum thickness

is nearly D/17 (increase in momentum thickness of about

12% between ReD = 3.2 and 6.4 9 104, while higher

Reynolds numbers present discrepancies lower than ±2%).

The momentum thickness is significantly higher than usual

values for a turbulent boundary layer (D/190) but rather

close to the momentum thickness obtained by Pack and

Seifert (1999). These authors obtained a momentum

thickness of D/25 for a flow exit equipped with a 30�
diffuser and a 1.85 bevel length. Furthermore, these authors

have demonstrated that a significant increase in momentum

thickness occurs near the jet exit (i.e. x/D B 0.2) equipped

with a small-angle diffuser. Hence, it could be assumed

that the initial momentum thickness is lower at x/D = 0.

The cross-stream mean velocity distributions from

x/D = 0.4 up to 6 are plotted in Fig. 6. These velocities are

almost constant over the Reynolds number range at each

streamwise position. Figure 6 demonstrates that the centr-

eline velocity starts to decay for streamwise position

Fig. 6 Cross-stream

distribution of the mean at

z/D = 0 for streamwise position

from x/D = 0.4 up to x/D = 6.

Uj denotes the maximal velocity

of the main jet (i.e 10, 20, 30

and 40 m/s for ReD = 3.2, 6.4,

9.6 and 12.8 9 104,

respectively)

338 Exp Fluids (2008) 45:333–355

123



greater than x/D = 3. Figure 7 represents the widths of the

jet based on the cross-stream locations at which the

streamwise velocity U is half of the centerline value. The

width linearly increases with the streamwise position

regardless of the Reynolds number. According to the

maximal difference of 7% in the jet widths (the difference

in the slopes are lower than 2%), we can assume that the

width of the jets is almost independent of the Reynolds

number. Furthermore, the positive slope of the jets width in

the region beyond the end of the potential core is about

0.12, which is larger than the slope value observed for

conventional canonical airjet. Indeed, Hussein et al. (1994)

reported that the width of a round jet linearly increases with

a positive slope of 0.094 for Reynolds number around

9.5 9 104. Thus, it appears that the diffuser combined with

the turbulator ring induce some modifications of the

baseline jet.

The turbulator ring ensures an initial turbulent boundary

layer. Consequently, the characteristics of the baseline flow

may differ from the literature but it is essential to ensure

that the forced flow perturbations are only due to the DBD

actuators and not due to a forced transition from laminar to

turbulent. According to Raman et al. (1989), the core tur-

bulence level has no effect on the jet mixing for natural

flows with a turbulent boundary layer but the control

effects diminish as the initial boundary layer gets fully

turbulent. Nevertheless, practical flows exhibit fully tur-

bulent boundary layers and high core turbulence levels.

Hence, it seems more important to study such flows even if

the resulting effects are less effective.

3.2 Quasi-steady actuation: streamwise acquisition

plane

In this section, the flow topology resulting from the modi-

fication of the cross-stream velocity profiles (at z/D = 0) is

introduced for streamwise positions at x/D = 0.4, x/D = 4

and x/D = 6.

The results shown in Fig. 8 demonstrate that the most

effective flow control is obtained at the lowest Reynolds

number. In this flow regime, the jet is strongly affected by

the DBD actuation. In the near-field region (Fig. 8a), the

mean velocity profile is widely expanded in the y direction

at z/D = 0 inducing a strong centreline velocity decay

further downstream (Fig. 8b,c). At x/D = 0.4, it seems that

the actuation has no effect on the mean velocity profiles

compared to the baseline jet for Reynolds numbers greater

than 3.2 9 104. However, the results further downstream

highlight that a small cross-stream expansion of the forced

jet is achieved even at the highest Reynolds number tested

(Fig. 8c). Furthermore, the mean velocity profiles show a

small decrease in the centreline velocity.

A global view of the effects of a DBD actuation on the

time-averaged velocity fields (xy plan, up to x/D = 8) is

introduced in Fig. 9 in the plane z/D = 0. The iso-values of

the velocity norms, based on primary U and second

velocity V components, are plotted in Fig. 9 for each

Reynolds number tested. This norm is calculated according

the following expression:

Unorm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2 þ V2

p
ð2Þ

The baseline jet (coloured background in Fig. 9) is

symmetrical relative to the x axis and presents a self-

similar distribution along the x direction due to the initial

turbulent boundary layer. As a result of the double DBD

actuation (black lines in Fig. 9), major macroscopic chan-

ges in the flow appear for a primary air jet of 10 m/s

(Fig. 9a). In this case, the results clearly confirm that the

flow is now fully attached along the diffuser bevel. Few

millimeters above the bevel, the ionic wind creates a small

pressure decrease (Roth et al. 1998) which contributes to

the forced flow reattachment of the naturally separated

flow. The width of the jet is also largely increased in the

first diameters (Fig. 10). The width linearly increases and

results in a gain in width of about 62 and 165% at

x/D = 0.4 and 6, respectively. According to Dziomba and

Fiedler (1985), it could be assumed that the blunt trailing

Fig. 7 Streamwise distribution

of the width of the jet for

baseline flows from x/D = 0.4

up to x/D = 6
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edge of the diffuser could significantly affect the spreading

rate of the forced jet flow. Indeed, for this Reynolds

number, the controlled flow is fully attached along the wall

of the diffuser. A thick, rather than a thin trailing edge

could enhance the formation of large-scale structures

(Braud et al. 2004). For a fully attached airflow, a small

decrease of the spreading rate could be expected with a

diffuser having a thinner trailing edge.

For air jets from 20 to 40 m/s (Fig. 9b–d), the EHD

forces created by the plasma are too weak to force the

flow reattachment, but the jet presents a slight increase

in width, for velocity up to Uj = 40 m/s. Indeed, at

ReD = 6.4 9 104, the jet width is increased up to 58% in

the far-field region (i.e. x/D = 6) while at higher Reynolds

numbers only a 25% maximal width gain is observed

(Fig. 10).

Given the modification of the jet width, it is suspected

that the actuation also leads to a change in the vorticity

thickness (dx). In the present study, the vorticity thickness

is calculated on both sides of the potential core region and

is expressed as follows:

dx ¼ Uj= oU=oyð Þmax ð3Þ

The streamwise evolution of the vorticity thickness at

z/D = 0 is plotted in Fig. 11. Here again, the results

demonstrate that the actuation is particularly effective at

ReD = 6.4 9 104. Indeed, at 10 m/s, the vorticity thickness

is increased by 132 and 142% at x/D = 0.4 and 1,

respectively (dx = 0.62D and 1.45D for baseline and

forced flow at x/D = 0.4, for instance). At higher Reynolds

number, the actuation creates a vorticity region in the core

zone thicker than for the baseline flow. Moreover, this

increase is nearly constant (around 15%), regardless of the

Reynolds number.

3.3 Quasi-steady actuation: cross-stream acquisition

plane

The iso-contours of the velocity norm [see Eq. (2)] in the

cross-stream visualization plane (yz plan at x/D = 0.1) are

plotted in Fig. 12. As expected, the baseline cross-stream

fields show an axisymmetric and self-similar distribution,

spreading in concentric circles of uniform velocity. During

the actuation, the flow at Uj = 10 m/s (Fig. 12a) is

deflected towards the bevels where the actuators take

placed. The jet cross section contracts in the z direction and

expands in the y direction. For a primary velocity of 20 m/s

(Fig. 12b), the flow remains moderately elongated whereas

for a velocity of 30 m/s (Fig. 12c), the deformation only

occurs in the outer part of the round jet. At 40 m/s

(Fig. 12d), the actuation has a low effect on the cross-

stream velocity distribution.

Fig. 8 Cross-stream mean velocity profiles at x/D = 0.4, 4 and 6 for

baseline and forced flows (z/D = 0)
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3.4 Quasi-steady actuation: characterization

of the mixing enhancement

Two classical quantities are used to evaluate the mixing

enhancement occurring under actuation. The first parame-

ter is related to the jet centreline decay along the x axis

where a large drop in velocity (between the natural and

forced flow) presumably confirms an increase in mixing.

The second parameter is the turbulent kinetic energy (TKE)

which is the mean kinetic energy associated to the eddy

structures. The instantaneous values of TKE can vary

substantially, so it is useful to compute a mean TKE values,

which are more representative of the overall flow. This

turbulent statistic can be approached by the following

expression in 2D flows:

TKE ¼
1
2

u02 þ v02
� �

U2
j

ð4Þ

where u0 and v0 denote the primary and secondary com-

ponents of the fluctuating velocity according to the

Fig. 9 Time-averaged velocity norms for the streamwise plane (z/D = 0). The velocities are normalized by the main jet velocity Uj. The black
lines denote the forced flow while the background is coloured by the baseline flow

Fig. 10 Streamwise distribution of the width of the jet for forced

(black symbols and lines) and baseline (grey symbol and line) flows

from x/D = 0.4 up to x/D = 6 at z/D = 0

Fig. 11 Streamwise distribution of the vorticity thickness (dx) of the

jet for forced and baseline flows from x/D = 0.4 up to x/D = 6
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referential used in the present study. It is expected that the

natural and forced flows are highly 3D and thus the com-

putation of the TKE based on three velocity components

can vary. Indeed, it is expected that the expression given in

(4) will result in a lower TKE value compared to the TKE

computed on the three fluctuating velocity components. A

brief comparison based on the stereo-PIV fields has dem-

onstrated that the shapes of the TKE profiles at x/D = 0.1

are similar but the levels of the peaks of turbulent energy

can be underestimated by 15 to 35% (at ReD = 12.8 and

3.2 9 104, respectively).

The jet centreline velocity developments along the x

axis for the excited and baseline cases are plotted in

Fig. 13. The jet centreline velocity is relatively constant

inside the potential core of the jet and the baseline centreline

evolutions are similar. As the shear layers merge toward

the center, the centreline velocity decreases downstream. In

the present study, the potential core is defined as the dis-

tance from the nozzle exit to the point where the axial

velocity has decreased of 99% relative to the initial axial

velocity. The end of the potential core for baseline flows

can be observed near x/D = 3.2–3.5. The potential core is

then shorter than previously reported data about the length

of a canonical jet. However, if we add the length of the

separated region upstream of the exit plane (i.e. D/2), we

obtain a total length of the potential core of approximately

3.7–4D, which is in agreement with results published by

Hussein et al. (1994) or Mi et al. (2000) among others.

Moreover, downstream of the potential core region, the

decay of U is usually approximated by the expression:

U

Uj

¼ K
D

x� xp

ð5Þ

where xp is the virtual origin and K the dimensionless mean

velocity decay constant. Here, if we use equation (5) to

approximate the decay of the unforced velocity beyond the

end of the potential core (here x/D [ 4 is chosen), we find

K & 6.8 ± 0.5 with xp & -2.3 ± 0.5D, these values

being consistent with previous experimental and numerical

investigations (Malmström et al. 1997; Lardeau et al.

2002).

Under actuation, the potential core is reduced for pri-

mary jet velocity up to 30 m/s (Fig. 13a–c). At 40 m/s, the

difference in jet centreline decay is not significant

(Fig. 13d). According to the jet decay observed in Fig. 13,

the potential core is reduced by 45, 32 and 10% for primary

velocity of 10, 20 and 30 m/s, respectively (Fig. 6a–c).

One can remark that the rate of the centreline velocity

Fig. 12 Front view of the time-averaged velocity norms in transverse plane at x/D = 0.1
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decay remains nearly constant for jets at Reynolds numbers

of 9.6 and 12.8 9 104 (the mean velocity decay constant K

is 5.9 ± 0.5 and xp is about -1.7 ± 0.7D). At lower

Reynolds numbers, the decay constant K is largely reduced

(4 and 4.5 at ReD = 3.2 9 104 and 6.4 9 104, respec-

tively). These observations are presumably due to the fact

that the flow does not reattach on the bevel diffuser for

Reynolds numbers higher than 6.4 9 104 and thus a higher

velocity is maintained in the potential core. In these cases,

the jet decay could be only governed by the control of the

initial shear layer at the internal beginning of the diffuser,

contrary to the observations made for the lowest speed jet

velocity for which the forced reattachment has an impor-

tant contribution to the mixing enhancement.

The centreline evolution of the TKE values along the

streamwise direction is plotted in Fig. 14 for excited and

unexcited flows. For the baseline flows, the centreline TKE

value increases with the axial location and the positive

slope of the curves increases with the primary air jet

velocity. Under excitation and Reynolds numbers of

3.2 9 104 and 6.4 9 104 (Fig. 14a, b), the TKE increases

until a first threshold of 0.028 is reached and decreases

further downstream. The axial position of the threshold is

shifted with the primary jet velocity (threshold occurring at

x/D = 4.1 and 5.8 for Reynolds numbers of 3.2 9 104 and

6.4 9 104, respectively). The turbulent energy in the center

of the axisymmetric jet is increased compared to baseline

flows up to 5.5 and 6.5 diameters for velocities of 10 and

20 m/s, respectively (Fig. 14a, b). Further downstream, the

energy initially imparted by the actuator may dissipate

more rapidly and thus the TKE of the forced jets becomes

lower than in the baseline case. Lardeau et al. (2002) have

reported similar results by direct numerical simulation

computation and they interpret this energy decay as a

possible spatial redistribution of the energy in the far-field

region due to the highly three-dimensional character of the

mean flow. There is no noticeable overall enhancement of

the turbulent energy in the round jet centreline at

ReD = 9.6 9 104 and 12.8 9 104 (Fig. 14c, d).

The analysis of the centreline value of the TKE may not

be sufficient to completely characterize the global modifi-

cations resulting from the DBD actuation. In order to

represent the whole flow over the y direction, the integrated

values of the TKE (kint) along slices (x/D = 1–7, at

z/D = 0) are shown in Fig. 15. The integrated values of the

TKE at each axial position are calculated using:

kint ¼
Z1

�1

1

2
u02 þ v02
� �

dy ð6Þ

As mentioned for the expression used for computing

TKE, it is expected that kint is underestimated compared to

the TKE calculated from the three fluctuating velocities. In

the present study at x/D = 0.1 and z/D = 0, the

Fig. 13 Centrelines velocity

evolution along the x axis for

baseline (solid lines) and forced

(dashed lines) flows
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underestimation kint values is about 20, 24, 28 and 35% for

ReD = 12.8, 9.6, 6.4 and 3.2 9 104, respectively.

Figure 15 demonstrates that the integrated TKE for

baseline flows exhibits a similar shape at each Reynolds

number investigated. The TKE linearly increases up to

x/D = 5 (positive slope of about 8.3 ± 0.4 9 10-3) and

then the slope of the TKE curve slightly decreases

(positive slope of about 3 ± 0.5 9 10-3). However,

the TKE values of the baseline flow exhibit an increase

of turbulent energy in respect with the Reynolds

number.

The results demonstrate that for Reynolds numbers up

to 6.4 9 104 (Fig. 15a, b), the excited flow has a higher

level of integrated TKE than baseline flow over the

whole range of x/D. Indeed the maximal gain in TKE is

160 and 60% (at x/D = 4) for ReD = 3.2 and 6.4 9 104,

respectively. However, at ReD = 6.4 9 104 (Fig. 15b),

the gain in integrated TKE is only effective for positions

upstream x/D = 2 as numerically observed by Lardeau

et al. (2002) for jet flow controlled by fluidic injection.

Contrary to the TKE value along the centreline axis, the

integrated TKE level at 30 m/s (ReD = 9.6 9 104,

Fig. 15c) is greater than the baseline flow starting from

the position x/D = 4 (TKE gain of 10% at x/D = 5).

The discrepancy between centreline TKE values

(Fig. 14c) and integrated TKE over the y direction

(Fig. 15c) is not surprising. Indeed, it could be expected

that the major change in the flow organization occurs in

the shear layer regions as the actuation is performed

in the zones where the shear layer initiates. As

demonstrated by the results plotted in Fig. 14, the flow

control of the centreline region is only significant at low

velocity (i.e. ReD B 6.4 9 104, Fig. 14a, b). However,

as demonstrated by Fig. 15, the DBD actuation can

produce a small increase of the integrated TKE at

ReD = 9.6 9 104 in the far-field region and the width of

the jet at z/D = 0 is slightly increased for this Reynolds

number (Fig. 10). These results demonstrate that a

potential enhancement of the mixing using our configu-

ration seems to be limited to Reynolds numbers lower

than 12.8 9 104.

The contribution of the turbulent energy in the x and y

directions can be decomposed by computing the turbulent

Reynolds stresses components u0u0=U2
j ; v0v0=U2

j and the

non-diagonal term u0v0=U2
j representing the turbulent vis-

cosity. Such quantity is a relevant parameter that highlights

the momentum transfer due to the random turbulent fluc-

tuations. The computation of the turbulent Reynolds

stresses for baseline flows reveals that the u
0
u
0
=U2

j com-

ponent is the main source of turbulent kinetic energy

(Fig. 16). Moreover, the rise in turbulent kinetic energy

observed in Fig. 15 when the Reynolds number is

increasing appears to be related to an increase of both

diagonal terms (i.e. u0u0=U2
j and v0v0=U2

j ). Conversely, the

Fig. 14 Effects of the actuation

on the centreline evolution of

the TKE for baseline (solid
lines) and forced (dot lines)

flows
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non-diagonal term of the turbulent Reynolds tensor

remains constant over the investigated Reynolds number

range.

The DBD actuation leads to a significant increase of the

turbulent Reynolds stresses up to ReD = 9.6 9 104, as pre-

viously deduced from the TKE computations (Fig. 17a–c). In

particular, the terms of the turbulent Reynolds tensor are

increased in the near-field region (x/D \ 4) at low

Reynolds number (Fig. 17a) while at higher Reynolds

number (up to ReD = 9.6 9 104, see Fig. 17b,c) the

changes in turbulent Reynolds stresses occur in the far-field

region (x/D [ 4). At ReD = 12.8 9 104 (Fig. 17d), the

three components of the tensor remain unchanged unlike

the baseline flow at a same centreline jet velocity. Once

again, the increase in TKE seems to be related to the sig-

nificant variations of u0u0=U2
j :

3.5 Quasi-steady actuation: vorticity production

This section is dedicated to the analysis of the change in

large-scale structures in order to interpret and explain the

time-averaged fields, the centreline velocity decays and

the TKE distributions. The mean streamwise vorticity xx of

the cross-stream PIV fields is computed from the stereo-

PIV acquisitions in order to characterize the flow vortices

produced by the actuation. The vorticity xx is expressed in

its dimensionless form as follows:

xx ¼
D oW

oy � oV
oz

� �

Uj

ð7Þ

where W is the third velocity component of the jet flow. It

is expected that the interaction between the main jet flow

Fig. 15 Integrated value of the

TKE along slices at x/D = 1 to

7 and z/D = 0
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and the electric wind promotes the production of stream-

wise vorticity.

Figure 18 introduces the mean vorticity distribution

over the jet cross sectional plane at a distance of

0.1 diameter of the nozzle exit. We remark that the mean

vorticity in the shear layer remains low in the baseline

case without regions presenting high vorticity (Fig. 18a, c,

e, g). However, the natural flow presents a pair of small

vortices in the middle left of the axisymmetric jet

(y/D = 0, z/D & 0.5). These vortices are simply due to

the electrical connections necessary to power the active

electrode. Nevertheless, the mean vorticity field for

baseline flow suggests an homogeneous growth of the

vortex structures in the x direction. At Reynolds num-

bers of 3.2 and 6.4 9 104 (and in some case at

ReD = 9.8 9 104, see Fig. 18f), four regions with

streamwise vortices pairing emerge at the lateral edge of

the electrodes (regions i, j, k, l in Fig. 18b, d). The

direction of rotation of each pairs of vortices is such that

there is an ejection of the jet core fluid into the ambient

flow like flow structures downstream tabs (Reeder and

Samimy 1996; Mi and Nathan 1999). These vortex pairs

Fig. 16 Turbulent Reynolds stresses in the streamwise PIV fields at z/D = 0 for baseline flows
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are initiated by the interaction between the main jet and

the electric wind and are formed in the skewed shear layer

region. The central contra-rotating vortices (z/D & 0 and

y/D & ±0.7 in Fig. 18b) have a larger vorticity intensity

than the surrounding vortices and they are presumably

initiated by the local pressure decrease occurring in the

plasma region along the diffuser wall. This local pressure

gradient could induce a full or partial flow reattachment

resulting in streamwise vortices as previously observed by

different authors for jet flow control by tabs (Zaman and

Raman 1997; Foss and Zaman 1999) or fluid injection

(Lardeau et al. 2002). In fact, the two plasma discharges

enhance the momentum transfer towards the upper and

lower boundary layers (y/D & 0.5, z/D & 0) along the

diffuser wall as demonstrated by the velocity fields in the

transverse planes (Fig. 12). The flow structures are stret-

ched towards the wall of the diffuser and form two quasi-

steady streamwise tubes of vorticity. The external vortices

result from the interaction between the controlled jet and

the external quiescent flows. These flow structures are

larger than the central ones but their intensity remains

weaker.

Fig. 17 Turbulent Reynolds stresses in the streamwise PIV fields at z/D = 0 for forced flows
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In Fig. 18b and d, the two upper vortex pairs (i and j)

eject the jet core fluid in the same positive y direction

contrary to the two lower vortex pairs (k and l) which eject

flow in the negative y direction. The elongation of the jet

cross section may result from the presence of these vortex

pairs. For the highest velocity (Fig. 18h), the vortex

dynamic induced by actuation could not be confirmed.

The jet centreline decay and the consecutive increase

in mixing previously identified in the time-averaged data

can be explained by the characteristics of the mean

streamwise vorticity. Up to ReD = 9.6 9 104, the core

jet ejection may enlarge the cross-stream section of the

round jet. Moreover, such flow ejection associated with

pairs of contra-rotating vortices may result in two vortex

pairs moving away from each other along the z direction

due to their mutual induction (Lardeau et al. 2002). It is

expected that these observations will be confirmed by

acquisitions along the x direction (up to the position

where the flow recover an axisymmetric behaviour).

However, these planes of investigations were not

acquired in the present study. A last observation con-

cerns the vortex pairs, which are symmetrically located

along the z axis. This suggests that the flow change due

to the control could be more significant at positions

differing from z/D = 0, especially at intermediate

Reynolds numbers.

3.6 Unsteady actuation: characterization

of the mixing enhancement

To optimize the forcing, it is necessary to develop an

efficient unsteady actuation. Indeed, an unsteady actuation

at an appropriate frequency can change the mixing with

more effectiveness than a quasi-steady actuation. Further-

more, unsteady excitations are performed with a duty-cycle

(here, fixed to 50%) which decreases the power con-

sumption of the control device. In the present study, six

excitation frequencies (f) are investigated (50, 100, 150,

200, 300 and 400 Hz). The results for primary air jet

velocity of 20 and 30 m/s are presented. The Strouhal

number is expressed as: St ¼ f �D
Uj

and the Strouhal numbers

associated with the frequency range tested are summarized

in Table 1.

In this section, the effects of the excitation frequency

are measured by comparing the mean and fluctuating

velocity profiles at different streamwise positions. The

increase in mixing is evaluated from the changes in

centreline decay, centreline TKE distribution and evolu-

tion of the integrated TKE values over the range of St

values investigated.

The cross-stream distribution of the mean velocity at

three streamwise positions is plotted in Fig. 19 for

Fig. 18 Front view of the mean streamwise vorticity xx at

x/D = 0.1. The solid lines and the dotted lines correspond to the

positive (counter-clockwise) and negative vorticity (clockwise)

values, respectively

Table 1 Unsteady excitation frequencies and corresponding Strouhal

numbers

f (Hz) 50 100 150 200 300 400

St 20 m/s 0.125 0.25 0.375 0.5 0.75 1

St 30 m/s 0.08 0.16 0.25 0.33 0.5 0.66
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ReD = 6.4 9 104. The effects of the frequency remain

weak in the near field region (Fig. 19a) while the effects

are improved in the region close to the end of the potential

core (Fig. 19c). It appears that an excitation at a Strouhal

number of 0.25 is the most effective unsteady actuation for

this Reynolds number. The resulting profiles exhibit a jet

width increase (maximal jet width gain of about 19%) and

a decrease of the centreline velocity (decrease of about 4%)

greater than those obtained with other frequencies

(Fig. 19c). At ReD = 9.6 9 104, the results are similar

Fig. 19 Cross-stream mean

velocity profiles (z/D = 0) at

ReD = 6.4 9 104 for excitation

at Strouhal number from 0.125

up to 1

Fig. 20 Frequency effects on

the cross-stream fluctuating

velocity (z/D = 0) at

ReD = 6.4 9 104 (a, b) and

ReD = 9.6 9 104 (c, d)
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apart from the optimized unsteady excitation which is

achieved at a slightly higher Strouhal number (about 0.33).

According to Fig. 20, it appears that St = 0.25 and 0.33

correspond to an increase of the turbulent intensity along

the shear layer axis while the centreline fluctuating

velocities remain weak.

The width of the jets (d½) is measured and plotted in

Fig. 21. As previously mentioned this quantity is defined as

the radial position where the mean velocity is Uj/2. This

figure confirms that the effects of the frequency are

enhanced in the far field region (i.e. x/D [ 2) while the

near field region is not affected by the excitation frequency

imposed by the DBD actuator. As demonstrated with the

mean velocity profiles, the most effective unsteady actua-

tion is performed for Strouhal numbers of 0.25 and 0.33 at

ReD = 6.4 and 9.6 9 104, respectively. Crow and Cham-

pagne (1971), and Hussain and Zaman (1981) found that

the preferred mode corresponds to a Strouhal number of

0.3. It corresponds to the frequency of the vortices at the

end of the potential core (jet column mode). An actuation

around this frequency has previously enhanced the mixing

of turbulent axisymmetric jets excited by arc discharges

(St = 0.3, Samimy et al. 2004) and MEMS (St = 0.25,

Suzuki et al. 2004), for instance. According to Raman et al.

(1989), the frequency of the most effective excitation do

not change with the initial turbulence intensity and it is

finally not surprising to observe an increase of the overall

effect when the actuation is performed around this pre-

ferred mode frequency.

The centreline velocity decay along the streamwise

direction is also investigated. The results have

demonstrated that the most effective unsteady actuations

are in line with the cross-stream mean velocity profiles and

jet width. Indeed, it appears that an actuation at St = 0.25

and 0.33 corresponds to the optimized unsteady forcing at

ReD = 6.4 and 9.6 9 104, respectively. Figure 22 presents

a comparison of the centreline velocity evolution along the

x direction for baseline and flow forced by steady and

unsteady actuation at optimized frequency. At 20 m/s

(Fig. 22a), the unsteady actuation is clearly more effective

than the steady one. Indeed, the length of the potential core

is shortened (length of about 3D, 2.7D and 2.5D for

baseline, steady forcing and unsteady forcing, respec-

tively). The decay rate (see Eq. (5)) at the beginning of the

centreline velocity reduction (i.e. 3 \ x/D \ 4.5) is also

enhanced for an unsteady actuation operated at a Strouhal

number of 0.25 (K = 32, 11 and 7.55 for baseline, steady

and unsteady forcing, respectively; note that these values

are higher than the ones derived from Fig. 13 due to the

shorter x/D range used to compute the K constant).

Compared to a steady actuation, at ReD = 9.6 9 104 the

length of the potential core is reduced by 5% when an

unsteady actuation is performed at St = 0.33. At this

Reynolds number, the constant of the decay rate is not

improved when an unsteady actuation is applied to the

main jet flow (K & 14).

The centreline evolution confirms that the mixing is

improved when an unsteady actuation is proceeded at

St = 0.25 and 0.33. It also appears that the actuation is

Fig. 21 Jet width (d½) evolution with the Strouhal number at

Uj = 20 m/s (a) and 30 m/s (b)

Fig. 22 Comparison of the centreline velocity decay for baseline and

flow forced by a steady and optimized unsteady actuation
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less effective when the Reynolds number is increasing as

usually observed for turbulent air jets (Raman et al.

1989).

The second parameter related to the mixing enhance-

ment concerns the centreline TKE evolution along the x

direction (Fig. 23). These data do not provide a clear

demonstration of the existence of a specific frequency

inducing an enhancement of the centreline TKE at

z/D = 0. However, it seems that forcing the flow around

St = 0.3 is more effective in increasing the centreline TKE

for location downstream x/D = 3. The interpretation of the

results obtained beyond this location is delicate due to

important fluctuations in the TKE estimation despite a

satisfactory convergence criterion.

Figure 24 summarizes the centreline TKE evolution for

baseline flows and flows forced by the quasi-steady and

optimized unsteady DBD actuations (St & 0.3). The first

suggestion is that forced flows (by quasi-steady and

unsteady forcing) present higher centreline TKE values

than the baseline flow over the whole longitudinal acqui-

sition range. The unsteady actuation has greater centreline

TKE values up to x/D = 3 at ReD = 6.4 9 104

(x/D = 3.75 at ReD = 9.6 9 104) and beyond this cross-

over point, the unsteady actuation generates a lower

centreline TKE than a steady one. The unsteady actuation

by double DBDs seems to enhance the centreline TKE only

in the near-field region of the jet exit (x/D \ 3).

However, the major mean flow change occurs in the far-

field region as previously reported (Fig. 19c, for instance).

The forced flow perturbations initiated at the junction

between the jet exit and the diffuser seem to be amplified

along the x and y direction. Thus, the integrated values of

TKE could be more suitable to demonstrate the ability of

the actuator to increase the turbulent energy of the jet flow

at z/D = 0. For this purpose, the integrated TKE values

computed on slices from x/D = 1 to 4 are plotted in Fig. 25

for various Strouhal numbers.

The results allow to characterize more accurately the

most effective frequency to increase the turbulent energy.

The data suggest that forcing around St = 0.25 and 0.3 at

ReD = 6.4 9 104 and 9.6 9 104, respectively, are more

effective for mixing in the region starting from x/D = 2

(black lines in figure 25). The results also confirm that the

best unsteady actuation (inducing an overall mixing

improvement) is performed for St numbers between 0.25

and 0.3. This is in reasonable agreement with data from the

literature on the preferred frequency of the jet column

instability. The comparison between integrated TKE values

for quasi-steady and unsteady actuations demonstrates that

the pulsed forcing enhances the turbulent energy at each

Fig. 23 Centreline TKE

evolution at ReD = 6.4 and

9.6 9 104 for jet flow forced by

unsteady excitation

Fig. 24 Comparison of

centreline TKE evolution at

ReD = 6.4 and 9.6 9 104 for

baseline (dotted lines), steady

(grey lines) and unsteady (black
lines) forcing
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Strouhal number. Nevertheless, at 20 m/s (Fig. 25a), a

reduced excitation frequency above 0.9 has limited effects

in increasing the TKE.

The increase in turbulence energy is particularly sig-

nificant at 30 m/s (Fig. 25b), the peak turbulence gain

being about 78% (only 49% at ReD = 6.4 9 104). How-

ever, the centreline velocity decays at ReD = 9.6 9 104

has demonstrated that the mean effects of the unsteady

actuation are limited for high Reynolds numbers. These

observations could suggest that an unsteady actuation

promotes higher turbulent energy at high Reynolds num-

bers but the scale of the produced energy may be improper

to significantly modify the mean controlled flow. New

experiments are thus required to extend our conclusions to

higher Reynolds numbers. A better understanding would

certainly emerge from a specific analysis of the turbulent

scales following the unsteady excitation by non-thermal

plasma discharges in the present configuration.

Here again, the computation of the turbulent Reynolds

tensor allows to decompose the contributions of u0u0=U2
j

and v
0
v
0
=U2

j : At ReD = 6.4 9 104, it clearly appears that

an excitation at St = 0.25 is the most effective unsteady

actuation (Fig. 26). In particular, the second diagonal

term of the turbulent Reynolds tensor is significantly

modified compared to excitations at other frequencies.

The momentum transfer due to the velocity fluctuations

is largely increased and would result in a mixing

enhancement if an unsteady actuation at St = 0.25 was

performed. At ReD = 9.6 9 104, an increase in the

momentum transfer is observed for an excitation at

St = 0.33, this result being in full agreement with the

observations deduced from the computation of the TKE.

In this case, the two diagonal terms of the turbulent

Reynolds tensor are responsible for this increase. Indeed,

an enlargement of the region of high momentum transfer

as well as a rise of the non-dimensional levels of both

tensor components can be observed. However, a decrease

of the control authority is noticed as the Reynolds

number gets larger (see the levels of the tensor compo-

nents at St = 0.25 and 0.33 in Figs. 26 and 27,

respectively).

4 Concluding remarks

The mixing characteristics of the free shear layer

exhausting from a 22-degree-angle diffuser equipped with

a control system made of two DBD actuators have been

experimentally investigated using PIV measurements. Pri-

mary air jet velocities from 10 to 40 m/s are studied (i.e.

ReD = 3.2 to 12.8 9 104). Baseline and forced flows are

compared at each Reynolds number tested. The mixing is

characterized by the potential core length, the centreline

TKE, the integrated value of the TKE over various slices

along the jet and the turbulent Reynolds stresses. The DBD

actuators generate a local flow of approximately 6 m/s

along the bevel of the diffuser. This flow is used to attach

the naturally separated flow or to presumably control the

dynamics of the large eddies initiated at the beginning of

the diffuser.

Time-averaged fields results demonstrate that an effi-

cient increase in mixing is performed by a forced flow

reattachment along the bevels at ReD = 3.2 9 104,

whereas mixing enhancement is potentially realized by

the excitation of the coherent structures for higher

Reynolds numbers. The actuation introduces streamwise

Fig. 25 Integrated TKE at x/D = 1, 2, 3 and 4 for primary air jet

velocity of 20 m/s (a) and 30 m/s (b) excited by an unsteady forcing.

The black lines denote the unsteady forcing while the grey ones
correspond to the steady forcing
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vorticity entraining the higher speed core fluid towards

the ambient air. Contrary to tabs, which usually create a

pair of counter-rotating vortices, the results concerning

the streamwise vorticity xx highlight that the DBD

actuators produce two pairs of counter-rotating vortices

which largely enhance the mixing for primary air jet

velocity up to 20 m/s. The TKE is increased up to

x/D = 7 for jet speed up to lower or equal to 30 m/s (i.e.

ReD = 9.6 9 104).

Unsteady actuations over St numbers ranging from 0.08

to 1 were studied. The results suggest that a St number

around 0.3 is more effective to enhance the turbulence

level in the near-field region. At ReD = 6.4 9 104, the

centreline velocity decay is improved and the width of the

jet is enlarged when an unsteady excitation is applied at

St = 0.25. At ReD = 9.6 9 104, unsteady actuations sys-

tematically induce a promising increase of the TKE over

the reduced frequency range (relative to the baseline and

quasi-steady forced flows). It appears that St = 0.33 cor-

responds to the optimized excitation over the Strouhal

range investigated here. However, the centreline velocity

decay is not clearly enhanced even if a small increase of

the jet width is observed for streamwise positions greater

than x/D = 2.

The excitation provided by the DBD actuators was of

typical low amplitude. If this amplitude is not sufficient

to force the flow reattachment, the actuation could act on

the instability waves in order to phase the coherent

structures. However, it seems that low amplitude quasi-

steady forcing is ineffective to modify the flow signifi-

cantly at Reynolds numbers greater than approximately

105, especially when the boundary layer is initially tur-

bulent. New experiments need to be performed to

demonstrate the ability of DBD actuators to enhance the

mixing and change the flow-scale structures by unsteady

forcing at primary air jet velocity greater than 30 m/s.

Indeed, the level of turbulent energy promoted by an

unsteady actuation may be promising if the scale of

the turbulent structures can also be controlled at high

Reynolds numbers.

Fig. 26 Turbulent Reynolds stresses for jet flow excited by unsteady actuation (St = 0.125, 0.25 and 1) for a centreline velocity Uj of 20 m/s (at

z/D = 0)
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