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ABSTRACT

In the present study DBD plasma actuator was applied into a 2D incompressible channel flow to study turbulent
structures by using a Finite Difference approach to k-¢ turbulent model and also Realizable k-¢ model. The actuator
was simulated by Modified Lumped Circuit Element Electro- Static model just as the previous work in (2016) [1] .
The study was continued by Reynolds humber of 5600 with constant inlet velocity profile. The length of the channel
flow was considered to be long enough for reaching a fully- developed flow region. The results showed that Lorentz
body force of the plasma actuator could reduce the fluctuation terms of velocity in general but since k-¢ model is
almost invalid near the walls especially where the strong velocity gradients by the actuator are dominant, a
significant discrepancy was observed between the two turbulent models. Moreover a hypothesis about the skin
friction reduction by the DBD plasma jet actuator was discussed in this work. The features of the DBD plasma
actuator were selected to be 2KV for the peak voltage amplitude, 10000 Hz for the voltage frequency and kapton as
the dielectric in which the actuator can be considered as an almost weak Synthetic Jet Plasma generator.

Key words: DBD plasma based channel flow, Modified Lumped Giir€lement Electro- Static model, Finite
Difference approach to &-turbulent model, Realizable &imodel, The impact of plasma actuator on turbulent
structures

INTRODUCTION

Dielectric Barrier Discharge (DBD) plasma actudtas had variety of applications so far. It has hegiemented
as a device usually for flow reattachment, enhandifi, decreasing drag (which is the main causefudl
consumption [2]) and some other applications reldtethe nature of the plasma actuator. In orderotutrol the
behavior of the fluid flow, some models like movialjects, micro bubbles, hydrophobic surfaces, pennes,
Corona plasma wind (applied by DC power supply) BBD plasma actuator (applied by AC power suppbyé
been introduced so far [3]. Progress and developmeDBD plasma actuators have been significartinia last
decades [4-5]. Utilizing electric field for flow otrol has been reviewed by Cattefesta and SheglpkPlasma
actuator has been tested in variety of applicat[@Ak2] and it has been observed that the actuztoses a body
force which is directed from the exposed electrimdhe encapsulated one. Because experimentaltigagsns of
plasma actuator are so expensive, CFD tools caappded for discovering the nature of plasma actuat
different applications. Considering that, DBD plasattuator works in a semi- steady mode, it caimteered that
it could be possible to decouple plasma equatiomfNavier- Stokes equations and then the solutfgriasma is
placed into Navier- Stokes equation as the sowga.tSince the different methodologies and mod&isélving
the DBD plasma problem have been well discussetigniterature so far [13-15], so in the preseseerch we
have not focused on the methodology of solvingplasma problem. Then the goal of this investigat®to first
compare a Finite Difference approach te turbulent model to Realizable kmodel under a 2D incompressible
flow regime in a one- sided DBD plasma based chaftme in order to study the behavior of fluctuatiterms of
velocities which are manipulated by the actuatBince the skin friction coefficient (Cis governed by the wall
shear stress and also Reynolds stresses, by sthangminar flow regime of plasma- based problewess,cannot
proceed in predicting the behavior of skin frictiooefficient. Wall shear stress is manipulated oy @ctuator in
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which rises strongly near the forcing region arghthapidly decreases. This rising in wall sheasstis a negative
factor for skin friction reduction. Coming to thi®int that many studies have been presented byidmirgy the
impact of DBD plasma actuators under laminar fl@gimes, the effect of Reynolds stresses has beeostl
neglected on skin friction drag so far for DBD pies actuators. Then the main goal of this invedtigats to
numerically study the turbulent structures to dethey can behave effectively in friction drag retian or not.
Moreover, an implicit Finite Difference algorithrs introduced for discretizing and solving the k aretjuations of
the turbulent models.
DBD PLASMA MODEL

In general, DBD plasma actuator can be modelleé&legtro- Static Model [19]. So, in the present wonke have
only brought up the main governing equations.
Electrical potential is governed by the followingi§son equation [19]:

1
O(e09) =5 ¢ M
D
The charge density is obtained from the one- dimo@as simulation of the electric charge [19] as:
_&%
pC - AZ (2)

By presenting the net charge in a region with thes@nce of electric field, the induced body forgetie DBD
plasma actuator can be obtained by:

f, =0 E. (3)
NUMERICAL FORMULATION OF MODIFIED ELECTRO-STATIC LUMPED CIRCUIT ELEMENT MODEL

In general, the electro- static model for DBD plasactuator deals with solving Eqg. (1) in a mathéaaiplain,
obtaining induced body force due to the presencthefplasma actuator and then mapping the domé&intime
physical space of the problem. Since Lumped Cirfglément model, is an approach in which considerst®des,
air and dielectric as capacitor elements and elmhent as finite numbers of attached sectors (siggted by n),
then first, for modifying the Electro- Static modd¢he modified spatial-time Lumped Circuit Elemenbdel,

discussed in [19], was used in order to obtainrdgion of the presence of plasma tempora(¥), and also

dielectric virtual voltag¥/, (t) by simultaneously solving of Eq. (4) to (6). Schémaf the model is shown in
Fig.1.

an (t) - dVaPP (t) ( Can (t) )+ kn l pn (t) (4)
dt . C,M+Cy® " Cu®*Cy)
1
| o0 (1) ==V (1) =V (t (5)
O =4 N0V,
B = WV 0, 0) ©

In whichw , is a coeff|C|ent representing the increase in dhveep velocity by the increase of applied voltage

m/s
amplitude. W is assumed to be }Ie(v— in the present simulatioNapp (t) represents the applied voltage

amplitude,V, (t) is the voltage at the virtual electrode in eaatiareof encapsulated electrode which is assumed to
be on the surface of dielectric materlabln (t) is the current through the plasma resistancedoh sector R, is the

air resistance in each sectiofs,,, andC,, are capacitor elements of air and dielectric retspely, and K, is a

constant which is assumed to be 0 or 1 dependinth@presence of plasma in the last element. Eq. & were
solved by using second order Range-Kutta. Then1Bgas solved for spatial-time re-corrected condii Finally
the obtained spatial steady body force was put Naeier- Stokes equations as the source term. theofyjthe
exposed and encapsulated electrodes was assurbeddtdinch for both and also in the present woektieal and
horizontal distances between the electrodes wesenad to be 0.003 inch (2016) [1]. Based on tlseilteof
simulation by Electro- Static Model, plasma forrastjon a region over the encapsulated electrodie. ldppens
because there would be no assumption of the presd#rtharge density in other regions. Moreoveis itoticeable
that vertical body force is almost negligible inngmarison with the horizontal body force. So, acoaydo the
results of the present simulation, the verticainteaf the body force contains less than 8% of thezbatal body
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force. As the result of the present simulation lymped Circuit Element Electro- Static Model, thagpha body
force is shown in Fig. 2

¢7=0\ Body Force (Nm’|
160
| I
| |
| | V‘EVd)‘:‘ii‘,
Y 3
' ) 1 g
Vigp=0 I [ Vigp=0 g
| | %
I | Xt g
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Vaplt] : Vilt :
4
[ =0 Exposed Electiode  “Virtual” Electrode ‘d_‘f’ =0
dnys Vdn fyo X Coordlnate (mm)
Fig.1 The model boundaries[1] Fig. 2 body for ce of the studied actuator

FLUID FLOW EQUATIONS

Coming to this point that fluid flow has been calesed to be two dimensional and incompressibl&igiwork we
used Vorticity- Stream Function numerical model $oitving the fluid flow equations. By eliminatinge pressure
term from the momentum equations, the transporatou for Vorticity is obtained and also there vii# one more
Poisson equation left for the Stream Function éeidrom the continuity equation. If the steadytildody force
induced by the DBD plasma actuators is considesesl fanction of x and y (f(x, y)), the manipulafBnsport and
Poisson equations (RANS formation) can be obtairzed

Fy Y _
ax2 ay® B

9¢ .09 0°¢ | of (x,y)_of (x,y)
p(at+ F ) (U+ 1 )( v y) oy o
(7)

The above equations were discretized by using oitiDM scheme (2016) [1].

FINITE DIFFERENCE APPROACH TO k-¢ TURBULENT M ODEL

For k< turbulent model, transport equations of kinetiergly and energy dissipation can be given by Eqaf8)) (9)
respectively.

%+diV(pkU) = div{£- gtad(K)] +2 4, .E, - pe o
0
A%, Giv( pel) = i grad(e)] +C,, E2E, E, ~C,op%- o
ot g, 2 26, E = Cup™
Where L, is the turbulent eddy- viscosity which supposedrépresent the impact of unresolved velocity

2
fluctuations ol , which is given byz4 = C,0—
&

E; . is the strain rate tensor in which for an incoessible flow can be denoted as:

ou.
Eij (gu +GLJ (10)
X X.

The model consists of experimental constants whietdescribed as follow:

C, =0.09,0,=10,0,=1.3, C,, =1.44 andC,,=1.92.
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. & ,
For the present work, we assumed the auxiliaryrpater ofd = E to decouple the transport equations.

By considerind?, = H (% +g—) the transport equations of k anfbr an incompressible flow can be rewritten
ok v
as: —+0 (kU Ok)+ Ak =R, (1)
ot ]
0& Ve _
B +0.(eU -2 0e)+C,.Ae =C,R (12)

£
Utilizing Finite Difference method by an AlternagivDirectional Implicit (ADI) scheme for 2D incommsble
flows, the final algebraic form can be achievedhmsyfollowing Eq. 13 to 16.

For K transport equation, the sweep procedure iDiXection of the channel flow can be written as:

B (-LiyH (A A+ ()87 -1 2K 1 0 i+ - 95R (13

For K transport equation, the sweep procedure iDivection of the channel flow can be written as:
N N gy N N s
(Cz)k’“G,J—J)+((A+/1)—2+1)<“+(,J)-C—Zk”+ Cialeks (=B F P IC Y =R (14)

The same routine could be pursued ddransport equation, and then the sweep proceduke Direction of the
channel flow can be written as:

N N TN BN
(B)e? (LD+HACAZe? (.))B- e * (Li)=8 (i G i+ DG (- =GR (15)
And finally for & transport equation, the sweep procedure in Y-diiwa of the channel flow can be written as:
N : It AP S A Y
COECIDH(AACAT U CI)Cod i+D=e2 (B (+1) FBE2 -4 y=G R (19)
In Eq. 17 to 20, the factors of AA',B and C are defined as follows:
yoi 1
A= 2— 17
( - ne Ayz 17)
H, 1
A=2"L — 18
. G 2y 18)
—-u 14
= 4t 19
20X AX (19)
=V M (20)
20y Ay?

Where U andV are the solved velocities in X and Y directionsprectively. Eq. 13 to 16 are solved by using TDMA
algorithm while in each time step, the valueshénd M, must be updated.

To update eddy viscosity and auxiliary parameted pthe following procedure was pursued as discusséti6].
Since eddy viscosity is limited by a certain frantiof molecular viscosity near the walls and itimaum value of

Vimax = | max\/E (wherdl . is the maximum certifiable mixing length, which regents the largest size of eddies

15
that can be considered as the width of the doméie) limited mixing length can be defined hs= Cy— if
&
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Cukl'5 <&l or | .,if otherwise. Then eddy viscosity can be quantifed/, = max,,, J, \/E )and finally,

k
the auxiliary parameter ofl is updated tol = Cﬂ—.

Vi
BOUNDARY CONDITIONSFOR k-¢ TURBULENT M ODEL

For inlet condition, the value for k asdcan be assumed to be

k=¢&u,> (21)
%
= 22
0w (22)

Where & is a constant that is assumed to be 0.01 in theept work and is the half of the modeled channel flow.
For walls conditions, the value for k ands assumed to be

k=0 (23)
d

e=2v—+Jk (24)
dy

For outlet condition, the value for k ands calculated by the following Dirichlet boundarynditions:

ok

—=0 (25)

ox

o€

—=0 (26)

oX

REALIZABLE k-¢ MODEL
In order to improve the compatibility of &turbulent model, we have modified the previousrfasf transport
equations by Realizable scheme of kaodel in which k-transport equation remains ungeanbut transport

equation ofe obtains some maodifications. Having variable vafae Cﬂ instead of a constant, would let the
Realizable form predict the curved stream linesimuch better way. The modifications can easilio¥o the
previous scheme of discretization foe kaodel; so in this study, we have only presentedrdnsport equations and

illustrated the differences between the two turbulmodels. It is noticeable that other constant&-efmodel are
also different in Realizable form ofkmodel.

The equation for k anglare as follow:

0(pk) , 9(puk), _ @ LMy 0K
=— By — |+ uS* - 27
at ox ) ox (u at)axj HS" = pe (27)
0(,05)+5(ﬂ115) _ 0 LM 0|, £?
- £y %2 Se+pC,—— 28
ot ox, ) ox, W ag)axj LS pczk+\/vek )

Kk
inwhich C, =max{ 0437 p=8X s= 25§
n+5 £
The constant in the model are defined@s; =1.44,C, =0.9, g, =1 ando, =1.2.
For achieving the variab(8,, the following expression must also be updategkich time step.

1
C,=——— (29)

kU
+ _
A+ A .
In expression (29),, A, and U are functions of strain rate tensor and anguléocity. Realizable form of le-

model can be easily discretized as the same astaitslard form. Noting that linearization parameierd can
convert the nonlinear term of Eq. 28 into a lineae.

NUMERICAL RESULTSAND DISCUSSION
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For the plasma configuration of interest, and thletiReynolds number of 5600-¢ and Realizable -¢ turbulent
models were implemented to capture fluctuation attaristicsof the velocity in the plasma based channel fl
The geometry of the problem is drawn in Fi. The problem is a physical domain which tracks tbeaffrom a
uniform inlet velocity to some further to the loicait that the flow is full- developed in whih the location of ST3 is
selected in a distance far enough from the inlet¢retthe flow was completely fu- developed. The channel flc
without plasma actuator was solved to validatecides by a previous work by Kim et.al [17] and tbsults are
shown in Fig. 4 to 6.

Fig. 7 and 8 show the velocity profiles in the threelected locations for each studied case (with vaithout

plasma). In order to compare the two turbulent egdnormalized fluctuation characteristicsU, ., V,,and

u'v' (for the two RANS models in the case of using plagsare compared with case of without using plashhe.
results are shown in Fig. 9 to 11. According te simulation results, the plasma stith is obscured by passing
through the channel flow. It is obviously showntttte plasma actuator can behave as a damper vdmndb to turr
the turbulent regime to a laminar one by diminighiihe fluctuation terms in generThe almost mes<independent
solution for ke models was obtained on using 480,000 grids forctmaputational domain. The distance from
bottom wall to the nearest internal grid correspahtby+ =~ 0.69 and y+ 0.62 for standard-c and Realizable k-
models respectively. According to the results @f tlvo turbulent models, by usin-¢ turbulent model, fluctuatio
terms were almost increased just near the bottolhwinre the strong gradients of velocity be plasma actuator
are dominant and then returns to the values alfoesr than the base line flow Two effects are common for tl
failure of k€ model near the wall and to make it almost invaflst, the greater velocity gradients occur néa
wall where the viscos flow dominates and in the casesoig plasma, there would be much stronger vel
gradients on this region and considering tt-¢ model suffers from predicting curved stream linagsed by stron
velocity gradients, its failure @nticipatec Second, by having lower inlet Reynolds numbers equhbr viscosity i
more considerable than the eddyscosity near the walls and subsequently the mostglires some modificatiol
[16], but in the present study, by selecting 568Qre illet Reynolds number, this effect is almost ignogaflhis
can be seen from the results of kaodels in the case of without plasma which has@g@greement with the stu
by Kim et.al [17].Noting that Realizable-¢ is a stronger model than its stardlanodel, we can take the advanti
of Realizable ke results as the failure of standar-¢ model in predicting the turbulent structures iore- sided
DBD plasma based channel flow. According to theliRakhle I-¢ results, DBD plasma actuators can alr turn the
turbulent flow regime to the laminar for any regiogar the wall. Besides, standa-¢ model cannot diminish tk
fluctuation terms just after the wall. The simuatishowed that the mean reduction of fluctuationnsge for
Reynolds stresses (amured from the bottom wall to Y+ of 50 from théeirto the fully- developed location) was
about 11.5% and 36.2% for standar-¢ and Realizable k- models respectively. This can be considered
significant error for standard &turbulent model witlthe presence of plasma body force.

u. 25,
inf
/
/ = I
20+ p—
—
== 34.54 15
= -
24.54 3
== 18.54 10+~
= ] -
—=
5H T
12 ——Kimet.al
En Realizable K-Epsilon
' L K-epsilon
14.54 0 i L i ‘ ; T
ST1 sT2 =13 0 50 100 150 Zvliu 250 300 as0 400
Fig.3 Schematic of the problem (distances arein the scale of centimeter) Fig.4 Comparison between u* of the two tur bulent models without using

plasma for fully- developed location and thereport by Kim el al [17]
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CONCLUSIONS

In the present work, the impact of DBD plasma jetuator with the configuration of 2kV for the peagltage
amplitude, 10000 Hz for the voltage frequency, aptor the dielectric material and the length opesed and
encapsulated electrodes of 0.5inch, was numeristligied in the channel flow under an incompressibtbulent
flow regime by an Implicit Finite Difference appaato ke turbulent model and also Realizable kaodel for the
inlet Reynolds number of 5600. Two aims have bedovied during this study. First was to compare tkodel to
Realizable ke. And we found that for standardekmodel, despite having acceptable results in a redlafiow
without using plasma jet actuator, the results vaigaificantly fault when the actuator is appliegpecially just
near the bottom wall which was discussed in theipts section of this work. Second, according ® Realizable
k-¢ results, DBD plasma actuator can almost convertuhbulent behavior to the laminar one, which sla@wn in
this work as the manipulation of fluctuation terrRiuctuation terms of velocity reduced with the r@ge of about
11.5% and 36.2% for standard:lend Realizable k-models respectively (measured from the bottom teall+ of
50 from the inlet to the location of ST3 in whidietflow is fully developed without using plasmauetbr). This
reduction in Reynolds stresses is a significantofawhich can act in the opposite of velocity geads effect near
the wall on the skin friction coefficient. Then teds a hypothesis about the contribution of thesemain effects
on skin friction reduction. This hypothesis will Bramined in detail in further research.
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