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ABSTRACT

In the present research, a brief study on the impact of DBD (Dielectric Barrier Discharge) plasma actuator on the
entropy generation rate in a channel flow is presented. The work has been continued in the certain inlet Reynolds
number of about 670. Moreover, the problem is assumed to be a two dimensional DBD plasma based channel flow
with the assumption of the incompressible flow. Since, the distribution of entropy generation rate is governed by a
contribution of temperature and velocity gradients, and besides, the distribution of DBD plasma body force is
highly depended on the channel width and other parameters of the actuator configuration, it would be difficult to
include the whole engaged effects together for pursuing the study of entropy generation rate in a plasma based
channel flow. So the present work aims to provide an over view on this problem. Therefore, for a certain channel
geometry and inlet Reynolds number and different DBD plasma configurations, entropy generation rate and Bejan
number is studied.

Key words: DBD plasma actuators, Entropy generation rate,nfdasased channel flow, Numerical model, Bejan
number in the presence of DBD plasma actuator

INTRODUCTION

The applications of Electoro- Hydrodynamics haverbeery vast in the last decades. Electro- magrietae has
been employed for many purposes including the ffowl particle control. Two sorts of electro- magnédtirce
have been conventional so far. First is the Comnplaama wind, which is applied by DC power supplyl as
usually applicable for the process of mixing thaéidlflow, ESP (Electro- Static Precipitator) and.g¢he second
one is DBD plasma actuator, which is applied by gd@ver supply and is usually used for the flow cohprrocess
[1- 4]. Using the electric field for flow controlals been reviewed by Cattefesta and Sheplak [S5$nRlaactuator
has been tested in variety of applications [6-bé]uding channel flows [15- 17] and it has beeneobsd that the
actuator causes a body force field which is dirkdtem the exposed electrode to the encapsulated $o, this
last decade has been an exhibition of the variétgpplications of DBD plasma body force [7-8]. Bese
experimental investigations of DBD plasma actuai@ so expensive, CFD tools can be applied forodetgng
the nature of such an actuator in different apgiices. Considering this that the DBD plasma actuatorks in a
semi- steady mode, it is inferred that it could gmEssible to decouple plasma equation with Navidoké&s
equations and then substituting the solution ofmpia body force as the source term into the Navi¢okes
equations. Coming to the numerical models for mtiatj the DBD plasma body force, Lumped Circuit raént
Electro- Static and Suzen Huang stand as the nrostipent models for predicting the body force ofé thBD
plasma actuator [15]. Lumped Circuit Element isaaxiliary model which associates with the Singleeital
Model (Electro- Static Model with considering aatén between the charge density and electric piaignThis
model can simply modify the basic Electro- Statiod®l by considering this that air and dielectrie aapacitor
elements. So each path line from the exposed todhered dielectric is comprised of a sub- cirehich is set as
to be parallel with the others. This model can mteithe location of the presence of charge tim&ly.the Poisson
equation for potential electric is solved in thaxdtion rather than to be solved in the whole negiwer the
encapsulated electrode 2016 [18]. The other adgantd this model is to consider the effect of apglivoltage
frequency on DBD plasma body force and also thisleh@llows us to calculate the plasma dissipat®ince,
Aberoumandet al [18] suggested that it could be possible to use ilasma dissipation as a thermal flux on the
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virtual electrode (surface of the dielectric), bistmodel (Lumped Circuit Element Electro- Staties a privilege
in applications for thermal problems. By takingstl@idvantage of the model, the temperature distoibunh the
presence of DBD plasma actuator in different actuabnfigurations can simply be quantified. Notattm low
pressure plasma actuators, the drift diffusion banignored by having this fact that the collisiostveeen the
electrons and the neutral air is relatively low. t8e energy of electrons cannot be easily transfeto the gas
(neutral air), so there would not be a temperagapalibrium between the electrons and the neuiralTéerefore
the neutral gas is in a considerably different terafure than the electrons and consequently thegeidéfusivity
is not needed to be included for the solution &f ptasma formation phenomenon. So, it can be cdaedluhat
considering the plasma formation as a cold plastassification (low pressure plasma actuator), theraot a
route to simulate the gas temperature distributibite the energy diffusivity is ignored in the pagad models for
the simulation of DBD plasma actuator. So, in tmespnt work, by using the methodology for simulgtthe
Thermal effect of the actuator proposed in 2016],[1Be study has been continued. Although DBD pkasm
actuators are studied in many applications so fartiee manipulation of entropy generation rate ats Bejan
number are not yet comprehensively studied in flerature of these actuators. Therefore the goathef
investigation is to use the obtained temperatugkd f{caused by DBD plasma actuator) to calculateehtropy
generation rate and also Bejan number. The presesgarch aims to introduce the manipulation of éhes
parameters (entropy generation rate and Bejan ngmblge changes in entropy generation rate andrBejember
by using DBD plasma actuator is shown here to geificant and considerable for related applicatiohs it was
previously mentioned, we have continued the presientilation in a constant inlet Reynolds number arfiked
geometry while the configuration of the DBD plasmetuator was changed during the study. We have also
considered the parameters of applied voltage frecyedielectric coefficient, electrodes length amtical and
horizontal distances between them, constant, vihBeDBD plasma configuration was changed by changfie
peak voltage amplitude. Since in this study, thare many parameters that were assumed constatierfur
researches are still required to decipher the nudatipn of entropy generation rate and Bejan numhethe
presence of DBD plasma actuator.

DBD PLASMA MODEL

In general, DBD plasma actuator can be modelle&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(elg) =—
A
The charge density is obtained from the one- dimo@as simulation of the electric charge [19] as:
— 80
P = _E
By presenting the net charge in a region with thes@nce of electric field, the induced body forgettie DBD
plasma actuator can be obtained by:

@)

)

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

In general, the electro- static model for DBD plasattuator deals with solving Eq. (1) in a mathérahiplain,
obtaining induced body force due to the presencthefplasma actuator and then mapping the doméaintime
physical space of the problem. Since Lumped Cirglément model, is an approach in which considerst®des,
air and dielectric as capacitor elements and elmhent as finite numbers of attached sectors (siggbed by n),
then first, for modifying the Electro- Static modé¢he modified spatial-time Lumped Circuit Elemembdel,

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

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

d
dt dt C,0+Cp(t) " Ch M) +Cy (1)
1
| (8) = [V, (1) =V (8 5
(0 =R N0 Va0 (5)
dx(t) _
A -V, (®)| (6)
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In whichwv , is a coefficient representing the increase in stveep velocity by the increase of applied voltage

m/s
amplitude. According to [19]yv is assumed to be }ﬁv— .Vaop (t), represents the applied voltage amplitude,

V. (t) is the voltage at the virtual electrode in eaattaseof the encapsulated electrode which is assumée on
the surface of dielectric materidl, (t) is the current through the plasma resistance doh esector R, is the air

resistance in each sectiof;,, andC,, are capacitor elements of air and dielectric retipely, and K. is a

constant which is assumed to be 0 or 1 dependinth®mpresence of plasma in the each sector. Tlaesers are
well discussed in [19]. Equations of 4 to 6 werkvad by using forth order Range-Kutta. Then, Eaak solved for
spatial-time re-corrected conditions. Finally tHetaoned spatial steady body force was substitutem the Navier-
Stokes equations as the source term. Length aftpesed and encapsulated electrodes was assurbedtbinch
for both and also in the present work, vertical &ndzontal distances between the electrodes wesenaed to be
0.003 inch [19]. Based on the results of the presanulation by Electro- Static Model, plasmaasnfied just on a
region over the encapsulated electrode. This happenause there would be no assumption of the mresef

charge density in other regions in this model. Mosg, it is noticeable that vertical body forcealmost negligible
in comparison with the horizontal body force. Stading to the results of the present simulatiba,vertical term
of the body force contains less than 10% of thézbatal body force for each case. As the resuthisf simulation
by Lumped Circuit Element Electro- Static Modek thlasma body force for the case of having theiegploltage
frequency of 10 KHz and peak voltage amplitude .6f KV is shown in Fig. 2. Other cases possess dasiivody

force distribution shape (this is maybe becausehahging only the peak voltage amplitude in eacexand the
difference is only in the range of the distributi®o, the result of other cases is provided in &dblThis Table
shows the maximum induced body force for each dase.of the advantages of modelling DBD plasmaadotiby

Modified Lumped Circuit Element is the possibild§simulating the plasma dissipation by the followiequation:

R0 = 1 o (O (1) —V, (D] (7
In fact, plasma dissipation stands as a term whH&honstrates the power loss by the DBD plasma tactuand
furthermore, this power almost losses from theaaafof the dielectric. The whole power loss for DBRsma
actuator (P(W)) can be obtained by summing It'-hf(t) for any sector of virtual electrode. The resuftsimulation

for DBD plasma dissipation is also provided in &aBl In the present simulation, the minimum vadtagquired for
ionization (formation of plasma) is assumed to @/ lbased on the previous work in [19]. And this cam
considered as another simplification in the simatabf DBD plasma actuator.

Table-1 Maximum Induced Body Forcein Different Peak Voltage Amplitudes Table-2 The Whole Power Lossfor DBD Plasma

Actuator in Different Peak Voltage Amplitudes

Peak Voltage Amplitude (V) Maximum Induced Body é®{N/ n7)
1500 9.1698 Peak Voltage P(W)
Amplitude (V)
2000 20.6418 1500 5
2500 36.7038 2000 17
3000 57.357 2500 18.7
3500 82.626 3000 19.3
3500 20.5
4000 112.4358
4000 22
4500 146.8614 4500 235
5000 185.877 5000 25
5500 229.4844 5500 26.3
¢,=0 \
| | 5 Body Force (N/ m®)
I I
| | VeV = L
| / o *
| | 38
Vigp=0 I I Vip=0 e
| | E 25
| | xlt| i,
| - »
| | 1.8
V”w t | V"H‘ | 1
i /' | | ‘ /' 0.5
‘I d (h =0 Exposed Electrode  “Virtual” Electrode d r]) ] =0 % 1 2 3 s ] & 7 & 8 i
| d n " | d Il sl X- Coardinate (mm)

Fig.1 Lumped Circuit Element Electro- Static mod(::'I [19]

Fig. 2 DBD Plasma body force
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Plasma Validation

A comparison between experimental measurementstezbby Debiasket al [17] at threshold voltage of 12 KV,
25000Hz for the voltage frequency and Kapton agltekectric in conditions and specific plasma cguafation used
in the experiment, and the present numerical sitimnas shown in Fig.3. It is illustrated that thienulated plasma
is in a good agreement with the experiment. In taise, Debye length was chosen to be 0.00001 lwaséide
previous work by Ibrahinet al [15].

m— Experiment
=@ Modified Lumped Circuit Element

Y-Direction(m)

o

0.5 1 15 2 25 3 35 4 4.5 5
Velocity(mis)

Fig.3 Comparison between experimental resultsreported in [17] and numerical simulation in this study

Fluid Flow Equations

For 2D incompressible flows, the governing equai@an be denoted as continuity, momentum and energy
equations. The presence of DBD plasma resultsénptiesence of body force term in the right hane sifithe
momentum equations. So, the governing equationbearritten as:

Continuity:
a_u+a_V:O (8)
ox oy
Momentum:
ou du op ou  du
U—+v—)=-—+ +—) (X,
plu— ay) o THG ayz) o (X2 Y) o
ov  ov op RV KY,
U—+V—)=-—+ +—) +f, (X,
e F ay) oy /”’(axz ayz) by (X2Y)
Energy:
oT oT 0T 47T
CluU—+v—)=k(=—5+—)+ 10
o ( ™ ay) (6x2 ayz) @ (10)
In Eq. (10),¢ is the dissipation term which is defined as:
ou ov ou  ov
= U 2= + 2=+ e+ =)’ 11
@ A{ (ax) (ay) (ay ax)} (11)

Moreover f,, (X,y)and fby (X,y) are the horizontal and vertical components of D plasma body force
respectively.

The above equations are solved for the variety®DPplasma configurations using ANSYS Fluent 16.0.

Finally, the entropy generation rate and Bejan remailan be obtained by using the following equations

. k|, 0T., ,0T.,| k|,0u,, ov,, ,0u adv.,,
= | ()P + () [+ 2(=)P + 2 )2+ (—+— 12
Sgen T{(ax) (ay)} T{ (ax) (ay) (ay ax)} (12)
2 2
Be:(k IT )[(aT/gx) +(aT /dy)? 13)
gen

In the present work, the whole figures (acquirethad the simulation) have been visualized by MAB.A
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SCHEMATIC OF THE PROBLEM AND MESH INDEPENDENCY

For a 2D and incompressible DBD plasma based chdliome the schematic of tt problem which was used in tl
present study is drawn in Fig. 4.

As it can be seen from the schematic of the propleenhave assumed the actuator (DBD plasma) jasel at th
inlet of the channel flowMoreover, the inlet velocity was considered tc uniform in low Reynolds number
about 670. Furthermore, the temperature of theeebthundaries of the simulated channel flow is m&slito be
constant at 300K. By this assumption we could nske that the thermal effect is almost due thegmes o the
DBD plasma actuatorThe DBD plasma actuator was configured as 10 KHzHe applied voltage frequency a
Kapton as the dielectric with the dielectric cogffnt of 2.8 The most challenging case (peak voltage amplitdc
5.5 KV) has been seleddo check the mesh independency. So, the maxinelatity in the computational doma
has been calculated in different applied gridsiia tase. The result of mesh independency is pedviid Fig. 5.

0.2m
A
Inlet Velocity Outlet Velocity]
Walls 0.02m =
Actuator
ST S ——
@S inch) S ™
( - —_— )

” e
" Diclectric Material Encapsulated Electrode (0. inch) —~

Fig. 4 The schematic of the problem
4.6 T T

Maximum Velocity (m/s)

38} 7 L ! _
a8, ‘ ‘ i S ;—.— —

0.5 1 1.5
Number of Grids 4

x 10
Fig. 5 Mesh independency

|
.

RESULTSAND DISCUSSION

In this section, after each part of discussion rdslts are addressed. Moreover, the contourgraséded for three
cases of Without Plasma, Minimum Simulated PlagmeaK voltage amplitude of 1.5 KV) and Maxim Simulated
Plasma (peak voltage amplitude of 5.5 KV). For otbases, the sults are assembled in TablAs it is well
defined in the literature so far as the most pr@mirfeature of DBD plasma actuators, the induceti/lforce pulls
the flow from the exposed electrode and driveswards the encapsulated one (Fig. 6). In the chskamnel flow,
Ibrahimet al [15] showed that the width of the channel can gastkrfere in the distribution of DBD plasma bc
force. In which if thewidth of the channel is selected to be less théawamilli meters, the effect of plasma bo
force may extend to the upper wall of the chanlosV.fAs the result of this extension, the upperrmary layer will
be manipulated as well. Since Ibratet al [15] used two actuators placed symmetrically atttpeand the bottor
of the channel, by decreasing the width of the okam collision between the induced body forcesthsy two
actuators was observed at the middle of the chamhmehe present rearch in order to be sure of this that
induced DBD plasma body force does not extendeaigper wall of the channel, the width of the clerilow was
chosen to be high enough in which in the most ehgihg case (peak voltage amplitude of 5.5 KVvit was
previously shown in Fig. 2) the total induced plasbody force is almost obscured in 5mm above tleasar.
Based on the previous work by Aberoumiet al [18], the term of plasma dissipation is assumetth@ashermal flux
condition just on the viual electrode (on the surface of the dielectriatarial). By using this assumption, 1
distribution of temperature in the presence of DBBsma actuator is obtained. This temperatureilligion is
compared in the three cases of Without Plasma,riium Simulated Plasma and Maximum Simulated Plasmz
7- 9. In the case of Without Plasma, the differencethef temperature in the domain is certainly duehi
dissipation term in the energy equation. Since thim is almost negligible, wassimply seen from the results of
the present simulation that even by having the idenable velocity gradients caused by the DBD pkasittuator
the differences in the temperature in the whole patational domain does not exceed a degrees. The entropy
geneation rate is governed by the impact of two magartdrs. First is the temperature gradients andséicend is
the velocity gradients (related to the dissipatiemm in energy equation). Considering this fact thaassuming th
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thermal effect of the actuator as the thermal fioxindary on the virtual electrode (dielectric matg¢rand having
this that the energy equation in incompressiblesdlds in a transport form, the most temperatureligra occurs just
near the actuator (encapsulated electrode) andithesuld be rapidly obscured by a few centimetiwsher than
the actuator. Furthermore, the dissipation ternmofiy gradients) in a channel flow occurs mainhtoi the
boundary layers. For the certain Reynolds numbaboiit 670 which was assumed in the present woekyalue of
this term is not too high but it gets high by usthg DBD plasma actuator. By applying the DBD plasaatuator
the hydrodynamic boundary layer will be completaignipulated in which the most velocity gradientsugust
near the actuator. As Zexiang dial [16] represented a DNS simulation of the DBD pladmased channel flow;
they reported that velocity gradients in plasmaebashannel flow decrease rapidly by getting furtiiem the
actuator location. So both of the temperature graidiand the velocity gradients decrease quicklpdssing from
the DBD plasma location. Therefore, it is obviobattthe contribution of these two effects simplgulés in the
same behaviour for entropy generation rate as kigll 10 and 11 (note that for the case of withdasma, this
entropy generation is almost zero). Coming to ploisit that temperature and velocity gradients oattihermal and
velocity boundary layers respectively, it can badoded that the behaviour of entropy generatioa ingoverned
by the simultaneous effects of the manipulationhefmal and hydrodynamic boundary layers. For Bejamber,
the problem gets more complicated since this fatdodefined for measuring the influence of heandfar
irreversibility and viscous dissipation in the miagde of entropy generation. By changing the valfiehe peak
voltage amplitude, the growth and magnitude oféhtes boundaries (thermal and hydrodynamic) witirogee. But
according to the present numerical simulation, ¢thianging does not occur in the same behaviourlzigl4. So
since Bejan number indicates a contribution of eéhego effects (the manipulated thermal and visdomsndary
layers by DBD plasma actuator) and knowing thatrttegnitude of these boundaries relies on severahpeters
including the peak voltage amplitude, voltage fieugy, dielectric material, electrode geometries tnedchannel
height, deciphering the exact behaviour of thigda¢Bejan number) requires further researchesalljinaverage
entropy generation rate and Bejan number in thepcoational domain for each case are gathered iatdel-3 and

4.
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Fig.9 Temperature distribution in cases of Maximum Simulated Plasma (peak voltage amplitude of 5.5 KV)
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Fig. 10 Entropy generation ratefor the case of Minimum Simulated Plasma (a zoomed in view)
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Fig. 11 Entropy generation ratefor the case of Maximum Simulated Plasma (a zoomed in view)
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Fig. 13 Bejan number for the case of Minimum Simulated Plasma
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Fig. 14 Bgan number for the case of Maximum Simulated Plasma

Table -3 The Average Entropy Generation Ratein the Table - 4 The Average Bejan Number in the Computational

Computational Domain Domain

Peak Voltage Amplitude (V) S (KW/ m°K) Peak Voltage Amplitude (V) Be
1500 0.15 1500 0.54
2000 0.23 2000 0.58
2500 0.35 2500 0.61
3000 0.47 3000 0.65
3500 0.59 3500 0.69
4000 0.73 4000 0.72
4500 0.98 4500 0.75
5000 1.16 5000 0.77
5500 1.28 5500 0.79
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CONCLUSION

DBD plasma based channel flow has been studiedderdo the entropy generation rate and Bejan nun&mme
assumptions have been made during the study. Riest to consider the problem two dimensional and
incompressible. Ignoring the drift diffusion by thespect of cold plasma formation, allowed us todewmt the
present work by modelling the DBD plasma using lthenped Circuit Element Electro- Static Model. Thleeand
assumption was to set the minimum required volfagéonizing (plasma formation) to be 1KV for ali¢ studied
cases. A certain inlet Reynolds number (Re~ 67Qh wertain geometry of electrodes and channel flesve
assumed in this study. The work has been contibyesimulating several DBD plasma configurationsvimch for
all cases, applied voltage frequency was set tbtbi€Hz and dielectric material was considered t&bpton with
dielectric coefficient of 2.8. So, we changed thiator configuration by changing the peak voltagglitude from
1.5 KV to 5.5 KV. The results showed an increaseemropy generation rate by increasing the peakagel
amplitude. Finally, it has been observed that Bejamber does not follow certain behaviour in difer applied
voltages. So, in the future research we will ineltde whole engaged parameters in plasma basedettbow and
the behaviour of Bejan number will be specificallgcussed.
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