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ABSTRACT Sa
Jet and Vortex Actuator (JaVA) is a zero-net-mass flux t, T
device for active flow control of boundary layers and transition. u,v
JaVA produces various jets which can be used to delay flow Ug
separation or to “steer” the boundary layer velocity profile. In V
this study, numerical simulations of JaVA-boundary layer V,
interactions are analyzed using Proper Orthogonal w,
Decomposition (POD). JaVA-induced flow regimes are w,
governed by the plate widthb)( the amplitude & and the 0
operating frequencyf). In this study the frequency is changed J,
between 2/3 Hz and 8/3 Hz keeping the plate width and the /
amplitude constant. A commercial finite-volume-based
unsteady, laminar, incompressible Navier-Stokes solver has”

scaled amplitude

time, period [s]

velocity components [cm/s]
free stream velocity [cm/s]
velocity vector

jet flow speed [cm/s]

narrow slot [mm]

wide slot [mm]

displacement thickness [mm]
eigenvalue

eigenmodes (or eigenfunctions)

kinematic viscosity [rfis]

been used to study the flow fields generated by JaVA. Then,
POD is applied to time dependent snapshots of velocity fields at
each operating frequency. The POD modes revealed the
behavior of the flat plate boundary layer under the effect of
active flow control. Traveling modes can be captured in the
successive modes for high frequencies.
Keywords. Active flow control, Proper Orthogonal

Decomposition (POD), Jet and Vortex Actuator, Boundary layer
flow.

NOMENCLATURE

a actuator plate amplitude [mm]
ay mode coefficient for velocity
A elements of R eigenvectors

b plate width of the actuator [mm]

(oF correlation matrix

f operating frequency of the actuator [Hz]
M maximum snapshot (mode) number

N shapshot number

r cross flow parameter

Rey Reynolds number of the jet flow

1

INTRODUCTION

Jet and Vortex Actuator (JaVA) as an active flow control
device can be applied to boundary layer flows to prevent or
delay flow separation. The main principle of JaVA is based on
increasing the momentum of the boundary layer flow by
ejecting various jets or vortices. As a result, when applied to
external flows on the airfoils, for instance; it can be used to
control the flow similar to fixed vortex generators without
inducing additional drag.

JaVA is classified as a zero-net-mass flux control device
because it does not need any external fluid to operate. On the
other hand, it is an active control device which can be adapted
to various operating conditions just by altering governing
parameters such as the amplitude, frequency or mean plate
position. Due to its advantages active flow control is widely
used against boundary layer flow separation at high Reynolds
numbers (1). Other JaVA applications are mentioned in (2)
where it is used during takeoff and landing of aircrafts.

It is emphasized in (3, 4) that JaVA may create efficient
flight control systems where longer aircraft range might become
possible at reduced cost. Recent studies of JaVA under water
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have been carried out both experimentally and numerically (5- Time-averaged integration of the jet velocity overadf period

7. reveals the averaged jet velocity given in Eq. 1.
The JaVA-induced flows in quiescent water have been
investigated by extensive flow visualizations and then by T2 dabf
Particle Image Velocimetry (PIV) measurements to understand V; =— I v, (t)dt =— 1)
the flow dynamics and to determine the effect of governing T W

parameters on different flow types such as oblique jets, wall jets

and vortices (5, 6 and 7). Supplementary experimental research  The jet Reynolds numbeRé¢;) in Eg. 2 can be calculated

is carried out in an open low-speed water channel with flow using the averaged jet velocity and the wide slot gap. As all the
visualizations and PIV measurements where JaVA is mounted parameters are kept constant except the frequency, the jet
on a sufficiently long flat plate under water (8). Additionally the Reynolds number only varies with the frequency.

interaction of JaVA-induced regimes with the free stream

velocity (channel flow) is simulated numerically for various V,w,, _ 4abf

operating conditions and it is shown that with increasing M€ = Y =T )
actuation effects (such as frequency, amplitude) the velocity

profiles become “fuller” and thus can resist more to the flow
separation (9).

In this study, we applied POD analysis to numerical
simulations of JaVA flows in cross flow conditions. POD is a
powerful approach to obtain low-dimensional dynamical
models of thermo-fluid applications. It can be applied to time-
dependent snapshots to extract coherent flow structures
(modes). We refer to references (10, 11) for the basics of POD =V_J = ﬁ
and its applications. As it is indicated in (12), the dynamical U, wU,
coherent structures of the turbulent boundary layer on a flat
plate can be described by pairs of eigenfuncions. These A commercial two dimensional finite-volume-based
eigenfunctions contain complete information on the spatial ynsteady, laminar, incompressible Navier-Stokes solver has
evaluation of the structures. POD is further applied t0 pheen ysed to study the flow fields generated by JaVA. The
incompressible turbulent flow in a square duct (13) and it is computational domain consists of a moving zone and the
shown that the extraction process reveals a gradual decrease Ghotion of the actuator plate is generated by a moving grid

To express the effect of JaVA on the boundary lager,
additional so-called “cross flow parameter” given in Eqg. 3 is
needed. In simulations, the free stream velotigyshould be
selected appropriately; otherwise JaVA-induced flow regimes
can be suppressed by the incoming flow velocity.

®3)

modal energies. imposing appropriate boundary conditions with a User-Defined-
Functions (UDF) as implemented in Fluent. Numerical

PROBLEM  STATEMENT ~AND COMPUTATIONAL simulations reveal the JaVA-boundary layer interaction for

DOMAIN various frequencies (jet Reynolds numbers). The computational

JaVA is a rectangular cavity with an asymmetrically gdomain and the prescribed boundary conditions are shown in
mounted plate on its top which moves vertically like a piston. Fig.1.
The main parameters governing JaVA-induced flow regimes are ~ The grid consisting of nearly 400000 cells, clustered in
the actuator plate’s widttb(= 25 mm), the amplitudea(= 1.5 close vicinity of JaVA and the flat plate surface. After extensive
mm) and the operating frequendy. (The motion of the actuator  grid checks, at least 20-80 cycles have been calculated
plate is determined by the operating frequency varying betweendepending on the frequency in order to reach the steady state in
f = 2/3 Hz to 8/3 Hz and the amplitude. The actuator plate is the flow domain. The periodic motion of the plate is a
flush-mounted due to the actuator box and its asymmetry sinusoidal function depending on the frequency and the

engenders one narrowf= 0.3 mm) and one wide gapi{= amplitude and this boundary condition is implemented as a
2.5 mm) between the plate and the box. UDF given in Eq. 4.

To characterize various flow regimes based on non-
dimensional parameters, the jet Reynolds number and the scale = 277af Cos( 27Tft) (4)

amplitude are derived from the dimensional parameters such as~ P&¢
the amplitude, plate width and the frequency. The scaled

amplitude is define®, = 2a/ b, but it is constant as we keep Another UDF is implemented for the inlet boundary
the amplitude and the plate width constant at 1.5 mm and o5 condition for which a fourth-order polynomial approximation
mm respectively. for Blasius profile is used (Eq. 5) where the displacement

The JaVA-induced flows emerge out of the wide gap and thickness is denoted by. For simulations, the displacement

are injected into the boundary layer, thus an average jet flow thickness is calculated to bé=21 mm (based on the
speed (V) should be defined to obtain jet Reynolds number. €xperiments carried out in (8), free stream velodigy=0.0838
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m/s and the longitudinal distance from leading exgel.53 m
is taken).

R EORORT e

Other feasible boundary conditions include outflowthes
exit of the channel since there is no pressure gradient due to the
flat plate and the free stream velocity at the upper boundary of
the computational domain as the velocity profile does not
change anymore far from the boundary layer edge. To obtain
time-accurate solutions, the time step per iteration is tAken
0.003125 s for all simulations.

Figure 2. Phase averaged flow fields in m/s for (a)
blowing, (b) suction —f(= 8/3 Hz,Re; = 400,r = 1.92).

While figure 2 shows the detailed behaviour of the suction
and blowing phases, the boundary layer velocity profiles
extracted from different locations in the time-averaged flow
fields downstream of JaVA reveal the effect of the actuation on
the boundary layer. With increasing frequency or cross flow
parameter, the ejected vortices energize the boundary layer and
help delay or resist boundary layer separation and yield “fuller”
for JaVAin cross flow. boundary layer velocity profiles compared to the uncontrolled
case{ = 0) as Fig. 3 indicates.

CFD RESULTS
One JaVA flow period consists of blowing and suction 0%
phases. The actuator plate moves up and down and its periodic =~ | —— ;ifﬁg:é
motion is defined in Eqg. 4. In a period as the plate moves into A
the cavity (blowing phase), jet-like vortex pairs are ejected out 1
of the wide slot (w). When the plate moves in the opposite  E
direction (out of the cavity), the fluid is sucked from the
surrounding medium into cavity (suction phase). Fig. 2 shows
the phase-averaged flow fields for 8/3 Hz.

Figure 3: Time-averaged velocity profiles at (ay 0.1 m,
(b) x= 0.3 m (exit) downstream of JaVA.

PROPER ORTHOGONAL DECOMPOSITION

POD provides a basis for the modal decomposition of a
system of functions, usually data obtained from numerical
simulations or experimental measurements. The basis functions
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retrieved are called proper orthogonal modes. It provides anEspecially, the traveling modes can be captured in the

efficient way of capturing the dominant components of a successive modes for high frequencies.

multidimensional system and representing it to the desired Fig. 4 and 5 show the first 10 POD modes tioand v-

precision by using the relevant set of modes. The method can berelocity components af = 2 Hz (Rg = 300, r = 1.44)

applied to experimental as well as complex numerical solutions respectively. The most energetic eigenfunctionk £ 1, 2)

and in many diverse fields as given in (14, 15). contain the large scale features of each field. Higher mades (
The “snapshot version” of POD introduced in (16) is an = 9, 10) have a lower energy level and capture the small scale

efficient implementation for “time-dependent” flow fields. In  features of the fields. The maximum number of snapshots is 200

this study we employ snapshot version of POD as the databasén this case, but the 10 most energetic eigenfunctions are

consists of time dependent snapshots of numerically obtainedrepresented.

two dimensional velocity fields. For an operating condition, one

period consisting of at least 200 instantaneous shapshots is o

stored and then this numerical database is analyzed by POD tc oo _

extract coherent flow structures that supply valuable .

information about flow dynamics. The POD modes or =M= . .  E[ T W

“eigenfunctions” for velocity are calculated as

[m]

R09=Y AV ®

In Eq.6,M is the total number of snapsho‘tZ(X,y,ti )is the

i velocity field andA,; are the elements & eigenvectors in the
correlation matrixC;. The elements of the correlation matrix are
calculated as

o =Mi ” VXt M(xy.t; )dxdy - @

The correlation matrix is symmetric and positive-definite
therefore its eigenvalues are real positive numbers. The oo
eigenvalues can be sorted in descending order as in Eq. 8. The .|
sum of all the eigenvalues is the total flow energy and each POD
mode is represented by the magnitude of the corresponding ™
eigenvalue. B

Im]

Az 2> 24, ®)

The velocity field can be expanded in a series in Eq. 9 %
where N (usually N<<M) is the number of most energetic 004 =
modes. In this formulatiora, is the time varying expansion 0o b
coefficient and the POD eigenfunctions are calculated using Eq.
10. Together with Eq. 9, it is called reconstruction formula.

Y ml

) Figure 4. The u-velocity field POD modes (the mode
number is listed in decreasing ener§gr= 300.

Vixy) =Y a040)

The first mode ¢ = 1) contains the highest energy and it

ak(t):.” VixyD@xy)dxdy  k=12,..N (10) represents the “mean” flow field: the first mode of the
velocity distribution is equivalent to the time-averaged channel
POD MODES flow as the free stream velocity is ¥adirection; and the first

The POD modes reveal the periodic behavior of the flat mode of thev-velocity distribution does not indicate any
plate boundary layer under the effect of active flow control. significant flow field except JaVA-induced jet emerging out of

4 Copyright © 2011 by ASME

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 07/01/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



the wide slot and the circulation in the cavity The to be reconstructed already exists in the database, it is called
eigenfunctions for thevelocity component within each pair  “on-design reconstruction”. If it is aimed to obtain a flow field
are phase shifted in the flow direction of the channel that is not included in the database, it is called “off-design
(B -, @@ and@ —@,)- recopstruction"_. Oﬁ-Qesign regon_struction is often utilized to
A general remark derived from the eigenmodes of all the pred_lct a flow field with off-deS|gnJet_R§ynoIds nl_meer. As we
flow parameters is that as the jet Reynolds numberf'leplled POD to datasets con S|st|n_g of tlme-dependent_
cross — 300 and 400). th I le f ..~ instantaneous snapshots for a single jet Reynolds number, it
:ar:]cerr%a;seasaneJ tﬁey b:::nome rZ],otree \?i:;SIe.SC\?Vﬁh ei?\?rreeassg]agnjclar: makes more sense to rgconstruct a _design_poin_t. Note that the
Reynolds number, the small scale features become bigger inreconstruc’uon process is only possible using time-dependent

size and stretch through the flow region. As the mode numberexpanS|on coefficientsaf). The reliability and robustness of the

increases, the energy content drops considerably and detaile econstruction referred to a design point improves with the
' gy P y ncreasing modes number as Fig. 6 shows the predicted flow

fields forRe; = 300 and 400.

structures about the flow fields can be observed (see Fig. 5).

0.02

X [m]
Figure 5: The v-velocity field POD modes (the mode Figure 6: The recons_truction of the flow fields (left
number is listed in decreasing ener@gr-= 300. column:Re, = 300 and right columrRe, = 400).
RECONSTRUCTION OF JAVA FLOW Figure 7 shows the cumulative eigenvalug$ for each

Reconstruction is carried out using Egs. (9) and (10) to operating condition. The cumulative eigenvalus are obtained by
recreate an arbitrary flow field in the database. If the flow field the summation of the “normalized eigenvalus” where the first
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mode is purposely left out of the list as it contains the highest 0.0021 Re =100
energy level representing the mean flow. To reconstruct an 222588 @)
arbitrary snapshot with a very high accuracy, “18” modes are Re.=400

. . . . . . 0.001
required since the respective contribution of the cumulative
eigenvalues to the total flow energy is more than 90% at this
level for Re; = 300. On the other hand, this percentage can only ~ ol
be captured foRe; = 400, if “24” modes are selected for the
reconstruction. However, only “10” most energetic modes are
assumed to be sufficient to recreate the original flow domain for -0.001F
Re; = 300 and “15" modes are required for an accurate
reconstruction if the jet Reynolds number increases to 400. This

0,002

can be explained by the eigenvalues and their respective 0 20 40 60 80 100
Mode Number (M)

contributions to the total flow energy as mentioned. In addition
to that, the maximum number of instantaneous snapshots for
Re; = 400 isM = 240 where the modes’ number should be I
higher for an accurate reconstruction compared to other cases. 000115
2

0.002

100~

= 80f :
; | -0.001
> I
= I 24
C [ i
. 60r -0.0025————%5 700 750 200
=] | Mode Number (M)
‘—3" r 0.002 -
E 40 Re =100 3
= L Re =200
S ——— Re,=300 o
L Re,=400 v
20F / /
ST RN RRNTRR S VIR U NN NTIN NN A ST S |
0] 5 10 15 20 25 30 ~ ol
Mode Number (M) 0
Figure 7: The “30” largest cumulative eigenvaludg @nd -0.001
their respective contributions to the total flow energy.
. i . _ Y/ IS S T S
Figure 8a shows the variation of expansion coefficiemls ( 0 50M ; N100b M150 200
with respect to mode number for the investigated cases. These ode Number (M)
are the temporal expansion coefficients obtained by direct 0.002
projection of the input velocity data on the POD modes (7). 1t  t+ 77777 R
should be noted that the amplitudes of the expansion coefficient 0001 L

(ap) increase as the jet Reynolds number increases.

Other expansion coefficients corresponding to a @aiaf
as-a; and ag-a;g) are phase shifted as the plots Re; = 300
indicate in Fig. 8b, ¢ and d. The producta (no summation)
represents a standing wave. It is noted in the literature that when
two standing waves are out of a phase by a quarter of period in

time and space, a “travelling wave” is formed (17). (d)
-0.002

-0.001

IR Y N [N S ST Y SN [N S ST Y SO SN SO S S |
0 50 100 150 200
Mode Number (M)

Figure 8: Variation of expansion coefficients: (a) for
various Re, (b) as-a4 , (C)as-a; and (d)ag-as.
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almost 95 % if the first “30” POD modes are taken into account.
Therms (root mean square) errors are tabulated in Table 1. Additionally, an arbitrary snapshot in the dataset can be
The rms error drops with increasing mode number for both reconstructed (on-design reconstruction). As expected, the rms-
velocity components. This leads to the idea that the inclusion of error drops with increasing mode number.

the first “10” POD modes is sufficient to reconstruct an POD analysis shows that the travelling waves in unsteady
ensemble member of the dataset. flow fields can be captured for JaVA flows for cross-flow
conditions.
Table 1: The rms-errors for design reconstruction.
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