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An oscillatory, zero-net-mass flux Jet and Vortex Atuator (JaVA) was modelled as part
of a flat plate and simulated in a boundary layer fow. JaVA is an active flow control device
that can be used for flow separation control and ths can delay boundary layer transition. It
has been already shown experimentally that JaVA ingced flow types in still water include
angled and vertical jets, wall jets and vortex flow and that they highly depend on governing
parameters such as the frequency and amplitude ohé actuator and the mean position of
the actuator plate. In this study, a commercial unteady, incompressible Navier-Stokes
solver (Fluent) has been used to study the flow fas generated by JaVA in a water channel.
The detailed quantitative information about the peformance of JaVA on a flat plate
boundary layer is obtained numerically. The results are validated by visualization
experiments with the similar CFD set up. The numegal results show vortex like structures
emerging from actuator's wide gap with a size thatmatches the experimentally observed
vortex. It has been found that the emerging vortice move along the flat plate surface usually
merging with each other downstream of the boundaryayer. In addition to governing JavVA
parameters in still water (the jet Reynolds numberthe scaled amplitude, the mean position
of the actuator), the characteristics of boundary dyer flow are important for the JavVA
performance in channel flow. These include the magtude of the free stream velocity and
the boundary layer profile (e.g. laminar or turbulent). In this study, we consider an
approximation to the Blasius profile (a 4'-order polynomial profile). To account the free
stream velocity, a new dimensionless parameter (rs introduced which is the ratio of
average jet velocity V= 2abf/ w," to free stream velocity “U,” (r = Vj/ U,). Our numerical
results clearly show that JaVA, when mounted in alét plate laminar boundary layer, affects
boundary layer profile considerably. That is, JaVA induced boundary layer profiles are
clearly more resistant to the flow separation. Theeffects of JaVA with different operation
regimes on the various boundary layer flow charactéstics such as the displacement
thickness, the momentum thickness, the energy thickess and the friction coefficient are
reported. This computational study can be utilizedto steer the governing parameters
effectively for an improved actuator design.
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Re = jet Reynolds number X, X = x-coordinate
S = scaled amplitude v, Y = y-coordinate
Ss = source term of a scalar At = time step
St = Strouhal number 0 = boundary layer thickness
T = period 01 = displacement thickness
t = time 0 = momentum thickness
U, = free stream velocity 03 = energy thickness
u = x-velocity of the fluid 0] = scalar
Ug = velocity of the moving grid r = diffusion coefficient
Y = y-velocity of the fluid U = dynamic viscosity
\% = control volume v = kinematic viscosity
\2 = jet velocity p = density
A = narrow gap T = shear stress
Wiy = wide gap w = vorticity
I. Introduction

he active flow control devices have advantages passive control devices since they are not fikez passive

ones and can be adapted to various flight conditgarch as landing, take-off and manoetivire the last two
decades, researchers devoted their attention taléfrelopment of micro-scaled actuators that caruded to
enhance the ability to control unsteady flows il @nound engineering configurations such as aissrabzzles,
cars and marine vehicfed/arious active flow control devices operatingtwitero-net-mass-flux system have been
investigated by numerous researchers. A zero-nstifiax actuation system that can be successfplpfied to
boundary layer separation at high Reynolds numisedeveloped Additionally suction and blowing phases of a
zero-net-mass flow actuator are investigated nuralyito capture actuator-induced flow tyfed conventional
vortex generator as an active zero-net-mass cqantés demonstrated to control boundary layer isgjwam during
takeoff and landing of aircraftsA very encouraging active flow-control actuatested in still air (e.g. wall and free
jets of different orientation, vortex flow, and elit generation of vortices) is reported in détail

In this study, we investigate numericallg thffect of JaVA induced flows on the flat platenlaar boundary
layer profiles. Previously JaVA induced flow tydesstill water are reported in defail. It is shown that JaVA has
high potential for active flow control. The visuadtions of JaVA-induced flows in still water andui types with
their governing parameters are reported previouslythe JaVA system used in this study originatemfthe
previous experimental setup. Active flow control capability of JaVA is invegtited computationally by solving
time-dependent incompressible Navier-Stokes equatidth appropriate boundary conditions. The boantkyer
velocity profiles and other flow characteristicglirding the displacement thickness, the momentuakniess, the
energy thickness and the friction coefficient atimas operating frequencies are evaluated to detraiaghe effect
of JaVA on the laminar boundary layer.

II. JaVA Model and Governing Parameters

The JaVA model is mounted in a flat plateilzar boundary layer flow as shown in Fig. 1. Tle&/A is
modelled as a rectangular cavity under water, &edactuator plate is placed asymmetrically wittpees to the
cavity opening forming a narrowvg) and a wide slotv(,) between the plate and the body (see Fig. 2).vEhnical
motion of the actuator plate is defined by a simeovelocity, thus the actuator plate moves up dadn like a
piston periodically with certain frequency. All dfe JaVA induced flow types including periodic jetsd chaotic
vortices are mostly observed to emerge from theeveidt. The wide slot, the narrow slot and the actuplate
width (b) are kept constant in this study. In this studynuenerically investigate the effects of the frequean the
boundary layer velocity profile keeping the ammliguof the actuator plate)(fixed. Note that with a change in
frequency, both the jet Reynolds numb&e/'= 2abf/ v and the ratio of jet velocity to free stream @ty (r)
changes as well. The selected frequency and thespamding dimensionless numbers are shown in Tab.
Operating frequencyf)(is an important parameter affecting the type a¥A induced flows. Another important
parameter affecting the flow types dramaticallyhie actuator plate’s mean position which denotesldbation of
the actuator plate with respect to JaVA cavityah be inside the cavity, flash-mounted with tka filate or it can
protrude over the flat plate.
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Figure 1. Schematic view of JaVA operating in a war channel

In this study the plate width is kept constanb at25 mm and the plate is inside the cavity nddisturb the free
stream velocity and the JaVA induced flow-patteBiace the plate-width is not changed, the wide (@g)p and the
narrow gap\W, shown in Fig.2 have constant values 2.5 mm aBdr0in respectively. In this configuration, it was
sufficient to reveal most of the flow features bypiosing the low actuator plate frequency valuesvben 1 and 4
Hz.

The dimensional parameters to derive non-dimeasiparameters are the amplitual@mm], the plate widttb
[mm] and the frequencl/[Hz] of the JaVA. Thus different flow regimes che classified in a simpler way. The
scaled amplitud&, = 2ra/ b is a dimensionless number and in this study Keigt constant, sinca andb do not
change. The Strouhal number of the oscillating flewlefined a$St= bf /v wherev is the peak plate velocity of the
plate ¢ =2raf). With this definition,St= b/2ra or St=1/ S,. This means the Strouhal number can be substituted
scaled amplitude.

In addition to the peak plate velocity of the atbuglate, the jet velocity of the JaVA-inducedvito can be
defined by integrating time-averaged jet velocitxeiothe half of the period as given in Eq. (1). @eeiod contains
blowing (ejection) and suction phases thus thegration should be over half a cycle to predict dverage jet
velocity of a single phade

27 2abf
=< I dt__b 1)
T3 W,
The jet Reynolds numbeR§) given in Eq. (2) is derived from the volumetrlovi-rate over half cycleT(2)
assuming that the displaced volume is equal toptieeluct of the unit depth with the amplitude and #ttuator
plate width. Thus the jet Reynolds humber depemdhie amplitude, plate width and the frequency as

Re, :%:237“ @

Another parameter necessary to interpret the affeicthe JaVA-induced flow regimes in the boundaser is
the ratio of the jet-velocity to the free streantoedty. This dimensionless parameter shown in Bj.ig called jet-
to-free stream ratio.

2abf

3
T 3)

Vo
)

o

Table 1 summarizes the dimensionless parametersd bais the amplitude and frequencies. The operating
conditions based on the dimensional parameterghaideffects on the flow separation might be eglgnt if the
amplitude and the frequency are selected apprepyiat constant plate width.
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Table 1. The dimensionless parameters used irstiniy (Rg S, 1).

. Operating | Jet Reynolds Scaleq | Jetto-free
Amplitude frequency o ber amplitude \i‘:ﬁ?ﬁn
a[mm] f [Hz] Re, 5 r v
1 50 0.25 0.24
1 2 100 0.25 0.48
3 150 0.25 0.72
4 200 0.25 0.96

[Il. Numerical Method

A. Governing Equations

The mass and momentum conservation equatwesto be solved for the investigated flow regimas.
commercial unsteady Navier-Stokes equation solasrlfeen used to study the flows generated by JaVéfiat
plate boundary layer. Here, second order accuirgite ¥7olume schemes for pressure, and third oadeurate finite
volume schemes are used to discretize the govergugtions. The flow is assumed to be two-dimeradiom
reduce the computational cost greatly. The experismearried out in still water revealed that the tmensional
flow is justified except for the end-effects whdre et Reynolds number is high for the most JaVduted flow
types. Thus, the continuity and momentum equationsunsteady and incompressible flow can be writésn
follows:

—+—=0 4

ox ay @

Yo a_u+u%+vﬂJ :—@+ @+@ (5)
o Sax Vay) ax Hlax oy

p ﬂ+ua_v+vﬂ/ :—ﬂ)+lu é’-}-@ (6)
ot ox dy oy X 0y

B. Computational Domain and Boundary Conditions

Based on the actuator information given befar fine structured mesh is created reflectinghedl features of
JaVA acting under water. To provide an accuratetemi, the grid is clustered near the actuatoriaraose vicinity
of flat plate surface. Typical grid consists of eppmately 400.000 rectangular cells and extengig checks have
been performed. Long transients needed to be etdmibefore reaching steady state in the entive field (circa
50-120 cycles). Actuator plate motion is simulabydusing a moving grid in the computational domais.inlet
boundary condition we approximate the Blasius vigjqarofile by 4" order polynomial given in Eq. (7). Far from
the boundary layer edge we give constant free ratnezlocity at the upper boundary of the computatiaomain.
In Eq. (7)d denotes the boundary layer thickness and it isutatied using the Blasius solution. In Eq. X% the
distance of the wide gap from the leading edge itigl taken 1.53 m based on our experiments. Iritiatd in
agreement with experiments, in numerical simulatiove take the free stream velodity = 0.0838 m/s which leads
to a boundary layer thickness®f 21 mm.

Mo {z(lj - z(ljz +(_yj4} where 5= 5\/'/_7 )
U, o o o U,
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In the numerical simulations, the actuatiateowas driven such that the velocity is definedq. (8) where
andf are the amplitude and the frequency of the actya&te. In order to obtain a highly time-accuraikiton, the
time step per iteration is kept &t = 0.003125 seconds and the solution is integristed minimum of 30 seconds
or more. Then, about 300 instantaneous flow fi&tdapshots) consisting of 10 actuator cycles atbdéucomputed
to obtain the time averaged flow and vorticity digl

v =2mralf Ceoq 27 fO) (8)

MOVING

Figure 2. Computational domain of JaVA setup andiie boundary conditions
Wy = 2.5 mmw, = 0.3 mmpb =25 mm).

C. Dynamic Mesh

The utilized commercial code allows to model flousing a dynamic mesh where the shape of the doimain
changing with time. The computational domain cassi$ moving and non-moving regions thus slidingpifaces
are used to connect various zones shown in Figlr{2he computations the mesh is updated usingdhservation
equation given in Eq. (9). This conservation eqmis defined in integral form whex® is a flow scalar on an
arbitrary control volume. The boundaries of thattool volume are changing with time. In Eq. (8anduy define
the velocities of the fluid and the moving gridpestively and” is diffusion term an&; is the source term.

%Imdv+jp¢(u—tb)- dA= [TO®- dA-[ § d ©)

The time derivative term in Eq. (9) is decretizgdabfirst order backward difference approximatiengiven in Eq.
(10) wheren andn+1 denote current and the following time levelpezgdively.
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The volume at theng-1)" time level is computed from the expression giverEd. (11) where the first order time
derivative of the control volume is computed asegivn Eq. (12) to satisfy the grid conservation.l@m the right
hand side of Eq. (12) the sum evaluated from dotyets of grid velocity by face area vector on eeachtrol

volume face is equal to the volume swept out bycthrrol volume facg over time stept*®
Vn+l:Vn +d_VAt (11)
dt
v
E—J.Ug'dA—z l,b’]JAr (12)
ov J
IV. Results

A. Time-Averaged and Instantaneous Flow Fields

The time-averaged velocity fields (averaged oveleast 10 actuator cycles) for= 1, 2, 3 and 4 Hz indicate
mean velocity magnitudes in m/s. As the frequemcydases, a large vortex over the plate occursasedged jet
flow becomes more significant. As the plate isdesihe cavity, the vortices emerging from wide gaptinue their
path in close vicinity of flat plate and have aarénpact in energizing the boundary layer and ydeta flow
separation. This can be noticed in instantaneouscity fields that the vorticity is concentrate@ar the flat plate
surface downstream of JaVA.

At high frequencies, a large vortex occurs at tedf the actuator plate. This is also observeexiperiments.
Instantaneous snapshots are capable to indicate Jad# generated vortices ejected into the boundaygr.
Distinct differences between ejected vortices dyseovable with different operating frequencies. &averaged
flow-fields fora = 1 mm at various frequencies are shown in Fign@ instantaneous vortex ejection and merging
phenomena of the same amplitudé=a® Hz are illustrated in Fig. 4.

The velocity fields in Fig.3 are time-averaged witlp magnitudes over more than 10 cycles theretbey
represent general features of the flow fields basethe operating frequency. To reveal blowing snction phases
in one period, instantaneous snapshots shouldvestigated closely.

In Fig. 4(a) the plate moves into the cavity toceje jet out of the wide gap into the boundary taye= 0). As
shown in Fig. 4(b) in a quarter period followingtimitial step (t = T/4) the plate continues to mdurther into the
cavity generating two counter rotating vorticese3é vortices energize the boundary layer to helayffgevent
boundary layer separation. At t = T/2 the plate esupward or out of the cavity and fluid is sucked the cavity
as shown in Fig. 4(c). In Fig. 4(d) at t = 3T/4thue is almost completed as one can see a bigwfotening inside
the cavity which will produce new vortices for thext period. Instantaneous vorticity fields repregetations and
their directions in more detail, clockwise rotasoare shown in red and counter-clockwise rotatimsin deep
blue. It can be clearly noticed that vortex paivemalong with jet as its strength decrelses
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Figure 3. The time-averaged velocity fields with JdA operating at different frequencies:
JaVA parameters are 1 mm,b=25mm; af =1 Hz,r =0.24, b =2 Hz,r =0.48, cf =3 Hz
r=0.72, df=4Hz,r =0.96
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Figure 4. Instantaneous vorticity fikels in one period:JaVA parameters age= 1 mm,b = 25 mm,
f=4Hz;a)t=0,b)t=T/4,c)t=T/2 and &) BT/4.
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B. Time-Averaged Boundary Layer Profiles

With the increased value of frequency, the vostioin the flat plate downstream of JaVA thickens keadis to a
momentum transfer in the boundary layer. As a testith increasing frequency, the velocity profilese “fuller”
(that is more immune to the separation) as showsebicted downstream distances in Fig. 5. Bountargr
profiles are extracted to reveal JaVA's effectsttom boundary layer at various sections in the ayestdlow fields.
In Fig. 5(a) averaged velocity profiles are showrmihorizontal distance af= 0.04 m from the wide gap using the
actuator amplituda = 1 mm. Fig. 5(b), (c) and (d) indicate averagebbwity profiles in distances= 0.1 m, 0.2 m
and 0.3 m from the wide gap respectively. The dareasn distanc& = 0.3 m corresponds to the exit section of the
computational domain with the prescribed outflowubdary condition where the boundary layer profile's
enhancement via active flow control can be obsecleatly.
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Figure 5. Time-averaged boundary y&r profiles: JaVA parameters aee= 1 mm,b = 25 mm,
a)x=0.04 m,bx=0.1m,cx=0.2mand dx=0.3 m.

Fig. 5 indicates the variation of x-velocttgmponent (downstream direction) in selected sestimrmal to the
flat plate. It clearly shows that if actuator paedears are kept constant except for the frequeheyy¢locity profiles
get “fuller” with increasing frequency or in othemords with increasing jet-to-free stream velocigio. At high
operating frequencies there might be local flowesation near the actuator due to low Reynolds nurabthe flow
but this phenomenon is recovered at further sestadrthe flow field. The performance of JaVA in aghg flow
separation highly depends on governing parametees way that the proper selection of the amplitudtd the
frequency might have different impacts on the flow.
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C. Boundary Layer Characteristics

In order to reveal more information about ttime-averaged boundary layer characteristics dred t
momentum transfer to the boundary layer, the digpteent thickness, the momentum thickness, the gnerg
thickness and the friction coefficient are calcethtand their variation along the flat plate arettpth The
displacement thickness, momentum thickness, erthiggness are given as in Egs. (13-15), respegtivel

3, = I [1—Uijdy (13)
0 I
Tu u
0, =|—|1-— (dy (14)
S iars
T u I u 2
o, =|—|1-| — | [dy (15)
<[ ()

The variation of the friction coefficient cgive information about the separation of the boupdiayer and can
be evaluated using the wall shear stress as ifLBy.

T,
C - y=0 16
bopul)2 ae

Fig. 6 shows the variation of the various tany layer thicknesses as well as friction coeffiti As shown in
Fig. 6(a) the displacement thickness decreaseseaactuator frequency increases. It is also searnthie effect of
JaVA is felt at far downstream of the actuator.f@&#ént from the displacement thickness, momentuch earergy
thicknesses increase as the operating frequencgases. In the region near JaVA the momentum aedgen
thicknesses dt= 4 Hz reach a peak point, but then the curvep.dts generally the actuator energizes more the
boundary layer with increasing frequency, the mam@rtransfer becomes noticeable in Fig. 6(b) apd (c

With increasing actuator frequency, the fantcoefficient increases as it can be seen in&). Noting the fact
that the customary criterion for separation panwhere the shear stress (friction coefficient)ooees zero, thus the
actuator is seen to delay the separation of thademy layer. The shape factor which is the ratithefdisplacement
thickness to the momentum thickness supports tine $iading.

V. Conclusion
A Jet and Vortex Actuator (JaVA) as an acfieev control device has been investigated numédyicn a flat

plate boundary layer flow in a low-speed water ctgnlt has been shown that typical JaVA-induceavfregimes
at different operating frequencies significantlyergize the boundary layer thus delay boundary |aggaration.
The channel flow is two-dimensional, laminar ancoimpressible. A moving grid is required to simulite vertical
movement of actuator’s plate. Instantaneous veytitelds reveal blowing and suction phases cleddg to the
motion of the actuator plate. The preliminary tesshow that based on the ratio of the mean ¢at tio channel
flow, each type of JaVA-induced jet flow producéedent types of vortices in the flat plate boundbayer which
considerably change the boundary layer charadteridbwnstream such as velocity profile, displacentieickness
and friction coefficient. A general remark on JagAderformance at different operating conditionghist highest
frequency enhances the boundary layer mostly. mhiwerical study reveals that JaVA has a high piateft
modify the boundary layer profiles in a way that thow separation can be delayed or prevented dag |
downstream distances. A desired outcome of theddtien of the JaVA induced vortices with the boarydlayer
flow depends on many geometric and operating cimmdit (JaVA and free stream velocity) which must be
appropriately chosen.
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