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Modeling of glow discharge-induced fluid dynamics
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Modeling of fluid dynamics and the associated heat transfer induced by plasma between two parallel
electrodes is investigated. In particular, we consider a capacitvely coupled radio frequency discharge
plasma generator, where the plasma is generated on the surface of a dielectric circuit board with
electrode strips on the top and bottom. The electrodes have a thickness @ind,0@/hich is
comparable to the height of the boundary layer. The regime considered is that the electron
component is in the non-equilibrium state, and the plasma is nonthermal. Overall, due to the ion and
large fluid particle interaction, the pressure is higher in the downstream of the electrode, causing the
velocity structure to resemble that of a wall jet. Parameters related to the electrode operation,
including the voltage, frequency, and free stream speed are varied to investigate the characteristics
of the plasma-induced flow. Consistent with the experimental observation, the model shows a clear
dependence of the induced jet velocity on the applied voltage and frequency. The heat flux exhibited
a similar dependence on the strength of the plasma. The present plasma-induced flow concept can
be useful for thermal management and active flow control.2@2 American Institute of Physics.
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I. INTRODUCTION numerical results to highlight the solutions under several rep-

Recent experiments conducted by Coekeal! and by resentative conditions.

Roth et al? have shown that interesting fluid flows can be

induced by glow discharges. The device used in the experil- PLASMA OPERATION AND FLUID FLOW
ments is a capacitvely coupled radio frequency discharg@ Non-equilibrium and Nonthermal Plasma
plasma generator, placed on the surface of a dielectric circuit

board with the electrode strips on the top and bottom. Figure ~ 1N€ plasma state is a result of adding sufficient amounts
1 illustrates a staggered asymmetric configuration. of energy to a molecular gas. The added energy causes the
The plasma created by the device used by Ratal23 ~ 9aS to dissociate as a result of collisions between those par-

and by Corkeet all is weakly ionized, low temperature ticles whose thermal kinetic energy exceeds the molecular

(about room temperaturend nonthermal. This device con-

tains no moving mechanical parts, and can be attractive for
various applications, such as surface cooling, thermal man -
agement of electronic devices, and flow control. This type of electrode
plasma, formed between two parallel-plate electrodes, ha:
been studied by Massines al.* with additional background
information offered in Refs. 5-7. In particular, Rbthre-
sents an analytical expression for the maximum induced ve:
locity by treating the paraelectric force as an electrostatic
pressure induced by the electric field gradients. In the analy-
sis, the detailed balances between momentum transfe (a)
mechanisms, such as convection, hydrostatic pressure, vis
cous stresses, and electric field are not accounted for.

In the present study, a computational framework based
on a phenomenological electromagnetic model, in conjunc-
tion with the Navier—Stokes equations, is developed to in- Cathode
vestigate the fluid flow and heat transfer resulting from glow
discharges. The paraelectric force is modeled as a body forc
field over the region of plasma operation. In the following, /
we first offer an overview of the physical concepts and de- — _/ ?7
velop a computational capability for fluid flow and heat Dietectric Anode

transfer resulting from the glow discharge. Next, we present ®)

Electric field lines
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FIG. 1. Schematic representation of electrode geometry along with the field

3E|ectronic mail: wei-shyy@ufl.edu lines and the various glows associated with it during plasma formation. Note

YAlso at: Department of Aeronautics, Aerodynamics Division, Royal Insti- the concentration of field lines at the upper electrode and an even distribu-
tute of Technology(KTH), 100 44 Stockholm, Sweden. tion on the dielectric.
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binding energy. As stated by Hipplet al,® the plasma is trapping sustains the discharge by ensuring an adequate num-
defined as a quasineutral particle system in the form of gader of seed electrons at the beginning of each cycle. The
eous or fluidlike mixtures of free electrons and ions, fre-discharge current is characterized by one peak per half cycle
quently also containing neutral particles. Based on the extewhere the amplitude of the peak is of the order of milliam-
of ionization, one observes either a fully ionized or a weaklyperes and the rise time is of the order of microsecdnds.
ionized plasma. Weakly ionized plasma consists partly ofThere is also a small residual current between the discharges
ions and electrons and partly of neutral gas particles, i. egaused by the recombination of the charges. Hence, a main
atoms and molecules. Our interest is in weakly ionized gasesharacteristic of this plasma is the periodicity of the current
The second classification based on temperature yieldsnd the residual current, although this is limited by the fre-
high- and low-temperature plasmas. Low-temperature plasguency usedthe periodicity is lost at frequencies 1 kHz or
mas can be classified & only the electrons have a large lower’ The characteristic glows of such plasma are similar to
mean kinetic energy, i. e., nonthermal plasma, &ndall those obtained for a dc case.
components have a large kinetic energy compared to the neu- The plasma generation in an asymmetric electrode con-
tral gas, i. e., thermal plasma. High-temperature plasmas afgyuration is similar to that of the parallel-plate case; how-
characterized by kinetic electron temperature Taf~T  ever, the presence of a dielectric separating the electrodes
=10’ K. Low-temperature thermal plasmas are characterizednd the asymmetry lead to a qualitatively different pattern of
by a value of Te~T<2x10*K. Finally, low-temperature electric field lines. The difference here is the curved field
nonthermal plasmas are characterized by temperatuie of |ines caused by the dominant fringe effects. In contrast to the
~300K andT,<10°K (Ref. 5. Here, T, is the kinetic tem-  parallel-plate case, the equipotentials in this configuration
perature of the electron component andhe overall kinetic  are not parallel. The asymmetric geometry with the lower
temperature. electrode downstream and the associated glow regions are
The electric field acting on the charged particles, andshown in Fig. 1.
especially on the electrons, is the main power source for the  The electric field distribution is strongest in the region
plasma considered. Owing to the small mass of the electrongjosest to the inner edges of the two electrodes. This strength
only a poor momentum transfer of the electrons with thegecreases in magnitude as one moves away from this region.
heavy neutral particles of the plasma is realized by elasti¢ js easy to see that the probability for plasma formation is
collisions. Consequently, the electrons reach mean kinetigyore in the region of stronger electric fields. When the volt-
energy levels much higher than those of the neutral angdge rises, the electrons leave the negative electicathode
charged heavy components, and the plasma becomes nogwq upper electrode for this half cygleurface and move
thermal. A significant portion of the electrons is energeticallyiqgward the anode. These electrons are involved in collisions
capable of overcoming the threshold above which inelastiGyith the neutral particles and ions causing further ionization.
electron collision processes take place. However, in each qf should be noted that the anode surface here is not the
these inelastic collision processes, the corresponding electrijectrode but the dielectric, which represents a pseudoanode.
loses at least the threshold energy for the process, and thgsstricted to a two-dimensional model, the surface area of
electron is transferred from a region of high kinetic energiespe pseudoanod@n contact with the plasmds much larger
to a low-energy region. Thus, the occurrence of inelastic cOlihap that of the cathode in its vicinity. The anode fall imme-
lisions causes an efficient reduction of the electron energyiately next to the pseudoanode is a region rich in electrons.
Consequently, the electron population in the region of inelasppne expects the distribution of charges on the surface of the
tic collisions decreases markedly with increasing energygielectric to be similar to that of the cathode so that the
This interplay between the action of the electric field and thgjisiance between them is minimum. But this is not the case
elastic and inelastic collision processes causes the electrofy the dielectric prevents the movement of charges on its
components to reach a state far from thermodynamic face in contrast to that of the cathode. Thus, we have a
equilibrium. concentration of charges on the cathode and a comparatively
sparse distribution of electrons on the pseudoanode. This
leads to non-uniform field strength along the flow direction.
Even before the voltage reversal, the large memory volt-
Plasma operation between parallel plates has been exteage built up due to the charge separation aids recombination,
sively dealt with in literature. In the present study, we con-which is seen as residual current. Our view is that the weaker
sider the plasma at atmospheric pressure generated by a radilectric field near the pseudocathodee pseudoanode dur-
frequency ac voltage. Massinesal* illustrate some of the ing the previous half cyclerenders the initial accelerating
physical features in such conditions for parallel plates. Manyorce aiding the recombination small when compared to the
characteristics of plasma generation between parallel platerresponding force during the previous half cycle. This, in
can be extended to the asymmetric configuration. The voltturn, results in a lower energy level in the region of the
age and frequency used is of the order of a few kilovolts angblasma when compared to the previous half cycle. These
few kilohertz, respectively. At such high frequencies, theelectrons possess energy comparable to the threshold energy
charged particlegmainly electrons attain high velocities. (for ionization only as they reach the anode. During the
Also, these high frequencies leave a very short time for rerecombination, the electrons reduce in number, especially so
combination. The ions, being the less mobile of the chargeavith no electron emission from the pseudocath@aeit is a
species, have no time to reach the electrode surface. This iatielectrig. Thus, we have depopulation of the electrons due

B. Plasma generation in an asymmetric plate
configuration
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FIG. 2. Rough shape of electric field lines. The region with the strongesk|G, 3. The line A-B constitutes the plasma boundary using linear approxi-
electric field,Ey, is filled with black on the dielectric surface. mation. The electric field strength outside this line is not strong enough to
ionize the air.

to recombination. The plasma formation during this half

cycle depends on the presence of a critical number. of eleGariation in space without computing the detailed electric
trons with the threshold energy. At lower frequencies, theyq g
recombination is high, and, hence there is very little or no  g,qifically, the field lines here are such that the strength

plasma formation. In any case, we have only an insignificanjy e field decreases as one moves far away from the source.
plasma formation during this cycle. The ions accelerated durThis variation ofE the field strength, can be written as
ing this non-uniform plasma generation can impart momen-

tum to the fluid particles, resulting in an induced flow. |E|=Eo—kix—kyy, (1)
The non-uniform plasma generation explains the pres-

ence of the thrust in one direction alone. It should be stress

that while the electrons are of much higher velocity than

ions, due to their small mass, their direct impact on momen- \%

tum transfer is very small. Instead, between the plasma and EO:av @)

ambient fluid, momentum transfer is realized via ions. In the

present modeling framework, we will use the electric field aswhered is the separation between the two electrodes inxthe

the key indicator to represent the paraelectric force and sulirection. The constants are evaluated by using the condition

sequently induced fluid flows. Rdtexplains the paraelectric that the field strength is the breakdown value at the plasma—

force in terms of an electrostatic pressure exerted by the fielfuid boundary. Hence, we can find andk,. The compo-

lines, which tend to contract. This pressure, in turn, drivedients of the electric field are given by

the fluid toward increasing electric field gradients. In this Ek Ek

effort, we have incorporated the geometric effect of the elec- g ————2 y:_l_ 3)

trodes and the resulting impact on the paraelectric force into V k§1+ k2z v k21+ kzz

the present computational model, as will be explained next

hereE, is the electric field in the darkened region in the
ig. 2. Ey can be approximated as

The period of interest during a particular cycle is the small

time At during which the plasma discharge takes place. In

IIl. DEVELOPMENT OF COMPUTATIONAL MODEL the present asymmetric_ electrode, we have the high discharge

currents and the resulting momentum transfer during a por-

Based on the aforementioned discussion, the combinetion of the ac cycle. The magnitude of thi is small com-

effects of dielectric properties, electrode geometry, and opefpared to the fluid time scales, especially so for the frequency

ating frequency can induce fluid flow with potential for de- range we are dealing with. Thus, the body force components

veloping useful active control strategies and accelerate thglong thex andy direction, f, andf,, are calculated as

convective heat transfer. In order to illustrate the induced

fluid flow and model the heat transfer, a single pair of elec- fx=Expcee,

trodes operating on the surface of a flat plate is considered. ¢ _g peee. (4)

The asymmetric geometry used is the same as in Fig. 2. In ¥ "¢

order to predict the plasma induced flow, a quantitativeThis force acts only in the regions where the plasma is

model is presented next. present which is determined by the field strength at the point.

. The delta function ensures this restriction, written as
A. Body force formulation

The objective of the following formulation is to develop o=1 for E<Ee,

modeling concepts to account for the body force term acted  5=0 for E=E,,.

by the plasma and on the fluid. As schematically illustrated o . o
in Fig. 2, the electric field lines are concentrated at the cath] "€ Ecr in this case is the breakdown electric field strength,

ode and are almost uniformly distributed on the anode. It i€b- The effective force on the neutral molecules is given by
reasonable to simply represent the field lines as parallel in
most of the region except near the cathode. Thus, as sche-
matically illustrated in Fig. 3, we can linearize the field fery=afyd, (5)

feffx: afxﬁ,
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where « is a factor to account for the collision efficiency. r pv
This force acts only during the timat (during which the
plasma is formed which corresponds to one half cycle, as B
already discussed. The force during the second half of the C= pr¥+p- Tyy ' 1D
cycle can be neglected as it has little or no plasma formation. u(e+p) — ryu— 1y v—ka, T

The high frequency of the dischar@g@ound 5 kHz makes it L
reasonable to consider the force acting on the fluid as a con-
stant. Hence, the force can be time averaged over a complete [0
cycle although it exists only for a small timkt per cycle

pUV— Tyy

F tavex

feffot D= F'[aVQ/ ! (12)

0

tavex — T ’
t

femryAt
Frave = T, ®)  where Tyy IS the shear stress. THg,,ex and Fig ey, body
force terms given from Eq(7) have a value of zero in a

This time period of the cycl& is then period of the applied region where we do not have the plasma and take the follow-
voltage. The time-averaged force can be written as ing form under the influence of the plasma

Fravec= HemAt,

Frave= D apEALES, (13)
Ftave/: l‘}feﬁyAt, (7)

where ¥ (reciprocal of the time perigds the frequency of E= E-ks , E-ky ) (14)

the applied voltage. These are represented as the body force K+ k3 K+ k3

components in the Navier—Stokes equations. In the present

model, no attempt is made to establish a criterion for theBoundary conditions

plgsma to t_)e capable of mdgcmg the f|g|d flow. Such a cri- The no-slip condition when applied at the solid wall
terion requires a more detailed analysis of the plasma dy{/ields

namics. '

B. Governing equations u=r=0 aty=0. (15

The numerical model consists of the continuity equation, ) o ) _
the two-dimensional Navier—Stokes equations and the erf\t the outlets, zero-velocity gradient is assigned taking ad-
ergy transport equation for a steady incompressible flow. Th¥antage of the negligible influence of the plasma, far down-
body force terms, which are added to the momentum equaiiréam of the electrode. The plasma discharge boundary is
tions, carry the effect of the plasma discharge on the fluiPecified by
flow. The fluid is assumed to be incompressible in view of
the plasma induced jet being a low Reynolds number and pPc=0 for E<E;. (16)
essentially isothermal phenomenon. The electric field along
the straight lingFigs. 2 and 3from (0,0) to (d, 0) is E, and

hencef=1f,. Similarly, the electric field on the straight line C. Problem description

joining (0,a) and (b, 0) has a valueE; and hencef =f; all In order to simulate the experimentally observed flow
along its length. In the following, we offer a complete set of effects, we compute the effect of our body force model on
governing equations, in the two-dimensional form the flow over a small flat plate with the plasma generation

device(upper electrodeattached to it. We will only focus on

JA B @ _ ®) the vicinity of the electrode to investigate the detailed flow
at  ax ady ' field. The flat plate is 20.5 mm long, with the upper electrode
i fitted 12 mm from the leading edge of the plate. The elec-
p trode has the length 0.5 mm and the height 0.1 mm. The
pu height of the domain is 10 mm. The flat plate constitutes the
A= pv | 9) lower boundary of the computational domain, with its lead-
ing edge 1 mm from the left boundary of the grid. Three grid
e blocks constitute the computational grid. The total number of
- computational meshes employed is 29100. The chosen
r pu mesh distribution is clustered to focus the computational ef-
2, fort on the flow phenomena occurring around and after the
puU T+ P— Ty . . .
B 3 (10) upper electrode wher.e the body force is appllgd. Figure 4
pUV— Tyy ' represents a schematic diagram of the computational domain.
U(e+p) = Tyl — Ty — Ky T This grid size and distribution can produce satisfactory solu-

L tions in the present study.
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FIG. 4. The computational domain used for calculations shows the flat plate with the upper electrode. The various dimensions, the boundagnspecificati
and the stations are indicated with the coordinate of the plane in the parentheses.

The key dimensionless parameters in the present model Eo—Eyp )
are (i) Reynolds number, Ky=—p— =6.54 10° kv/cm?,

PmVmbm (17  Similarly, k,=13.08< 107 kV/em?. Eq, the maximum elec-

Mm tric field in the plasma region can be calculated from &9.
as
(i) The ratio of the body force to the inertial force,
)
PmVibm _ peVele 18 Eo=-g =226.27kv/cm.

Fm Fe
where L is the characteristic lengthy is the free stream According to Eq.(1), the magnitude of is
velocity, F is the body forcep is the density, angl is the
coefficient of viscosity. The subscripts ande represent the E(x,y)=|E[=Eg—kix—kay.
model and experimental values respectively.

For the numerical simulations, we used a pressure-basdgduation(3) gives
algorithnf® with a second-order upwind convection scheme.

N
[3)

O .
OrflllllIlllllllllllllllll
)
4
\

IV. RESULTS AND DISCUSSIONS " ———— INLET

—a— — ST1
—A—--— 8T2
—o— — ST3
—G—--— ST4

In order to model the plasma effects as a body force, we 2
use the same values of parameters as used in th
experiment$:® Unlike in the experiments, the simulation is
carried out for a single electrode panel. For the heat transfe 15
computation, the surface in contact with the fluid has a tem-y_
perature twice the ambient fluid temperature. All tempera-
tures are nondimensionalized.

The various parameters required here dras the fre-
qguency of applied voltage 3 kHz, p.. is the charge density
(electrong = 1.0x 10'*Ycm?®, U, is the applied voltage= 4
kV root mean squarérms), E, is the breakdown electric
field strength= 30 kV/cm 1% At is the discharge time= 67
us, ais the height of the plasma 1.5 mm,b is the width of
the plasma= 3 mm (estimated from the picture in Ref),2 u/'v
andd is the distance between the plates0.25 mm.

The parametek; is calculated from Eq(1), FIG. 5. The velocity profiles compared at the four different stations.
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FIG. 7. Effect of the various parameters on the peak velocity. All curves are

FIG. 6. Effect of the various parameters as seen from the velocity profilesplotted for STA(Fig. 4).
The comparison is done at STRig. 4).

Fiove=2.88X10 6 E,

E (X, y)= |E(X27y)k22 =0.89E,
vkitk; Frave= 144X 10 O E,
E(X, )k whereE has the unit of V/cm.
Ey(X,y)= N =0.45E. The values of the parameters for the different cases are
ki+Kk3 i
isted below.
As mentioned earliep, is a constant in the region of plasma (1) Free stream velocity..: 2, 4, 5, and 10 m/s,
formation and has a value of ¥ocn?. 23 Thus, the net force (2) Applied voltage,U,: 3, 4, and 5 kV rms, and
in the x andy directions can be calculated from Edd) — (3) Applied frequency. 2, 3, 4, and 6 kHz.

(7). The value ofa can assumed to be one in view of the The corresponding Reynolds numbers based on these ve-
disparity between the electron and neutral particle numbelocities and a characteristic length,,= 0.1 mm (the height
densities. Thus, we get of the electrodgare 13.7, 27.4, 34.2, and 68.5.
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To study the variation of the velocity profile with the sate for the induced mass flux in the wall jet region. The free
change in values of the key operating paramet¥®fts, U,, stream approaches the far-field value asymptotically as one
and ), four different stations were chosen for the discussiomrmoves far away from the electrode.
whose positions are indicated in Fig. 4. The effect on the In the following studies, the parameters, which are main-
various regions of the fluid flow can be seen from the veloctained constant, are assumed the reference values of 4 kV, 3
ity profiles in Fig. 5. In accordance with expectations, thekHz, and 5 m/s for the applied voltage, frequency, and ve-
maximum peak value of the velocity is obtained downstreamocity, respectively. Moreover, all the voltages used are rms
of the electrodéi. e., in the high-pressure regipimhe over-  values. In Fig. 6, a comparative study of the induced jet
shoot of the velocity above the free stream velocity gives thevelocity profiles for the different operating parameters is pre-
extent to which the plasma affects the flow. Overall, the vessented. Figure @) gives the normalized velocity profile at
locity structure in the downstream of the electrode resembleST4 for the various free stream velocities. As expected, the
that of a wall jet. With the mass being conserved at eactplasma produces the maximum relative effect on the velocity
vertical plane, the free stream velocity upstream of the elecprofile for the case with the lowest value of the free stream
trode does not attain the far-field value, in trying to compen-velocity. Figures &) and Gc) give the normalized profiles
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FIG. 9. The temperature profiles along the wall obtained in the pregbnce
and absencén) of plasma for Re=34 and P+=0.7. See also Fig.4 for station FIG. 10. Effect of the various parameters on the temperature profile at ST4
details. (Fig. 4).

for the different applied voltages and frequencies. In bothFurther away from the wall, the velocities reduce gradually
cases, the peak jet velocity increases with the electrode frae the free stream value, which explains the negative values
guency and voltage, which can be attributed to the lineataken by the shear stress. Figuréa) &nd 8b) show the wall
dependence of the body force on the applied voltage andhear stress profiles for different frequencies and applied
frequency. It is worth mentioning that with thet being held  voltages, respectively. In Figs(@ and &d), two flow fields
constant, the frequency variation effectively presents a loadwith different free stream velocitie® m/s and 5 m/s but

ing factor study. Figure(a) shows the peak-induced velocity with similar plasma characteristics are compared. Here, the
variation with the free stream value. In Figgbyand 7c), stress is normalized with the peak value obtained for the
the peak jet velocity varies linearly with the applied voltagecorresponding cases without plasma. The larger peak value
and frequency, respectively. Similar trends are also observeabtained for the case witi..=2 m/s shows that the relative

in the results presented by Rottn fact, there is a reason- effect of the induced wall jet increases with decreasing free
able agreement in magnitude for the peak velocities. Thetream velocity.

wall shear stress is also calculated for the cases mentioned In addition to the flow field, the effect of the induced jet
herein. In Figs. 8) and 8b), the wall shear stress is normal- on heat transfer from the surface has also been studied. Fig-
ized with the corresponding peak value for the no-plasmaire 9 presents the temperature profiles at the four stations.
case. In the presence of the plasma, the peak value of tHégure 9a) shows that the temperature gradient along the
wall shear stress is larger than that of the no-plasma casaormal to the surface in ST2, ST3, and ST4 is smaller than
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strengths of the plasma considered. This is at a point imme-
diately downstream of the electrode. Further downstream,
the effect of the plasma trails away. This pattern in seen for
all the voltages considered and the magnitude of the flux out
of the surface is proportional to the strength of the plasma. In
Fig. 11(b), a similar comparison is shown for the different
frequencies for an applied voltage of 4 kV. The heat flux
pattern across the wall is similar to that obtained previously.
The maximum heat flux in this case is around 4.5 tirfvaigh

a frequency of 6 kHeof that with no plasma. As expected,
the peak flux varies proportionally with the applied fre-

EN
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—L ‘1°x‘ i s 20 V. SUMMARY AND CONCLUSIONS

o
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(@) . . .
: Motivated by the experimental studies by Rethal 2>’

and Corkeet al,! a computational model for the glow
discharge-induced fluid flow and heat transfer has been con-
structed. Basic features of the plasma physics along with an
approximate modeling of the paraelectric effect on the flow
are presented.

The paraelectric force can be realized by the dielectric
characteristics, applied voltage, frequency, and the asymmet-
ric configuration of the electrodes. Overall, due to the ions
and neutral fluid particle interaction, the hydrostatic pressure
is higher downstream of the electrode, causing a wall jet-

—m=—  Frequency= 2KHz
—a— Frequency= 3KHz
—«&— Frequency= 4KHz
—e— Frequency= 6KHz
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Normalized heat flux
N

1 Electrode type of flow to be induced. This plasma-induced jet can
05 modify the surrounding flow structure and augment the heat
. , L o A e o e X transfer rate from the surface. The parameters related to the
5 10, 13 20 electrode operation, including the voltage, frequency, and

free stream speed are varied to investigate the characteristics

FIG. 11. Comparison of normalized heat flux for different voltages and(?f the Plasma-l_ndUCEd flow a.nd the heat transfe_r_ characteris-

frequencies. See also Fig. 4 for geometry details. tics. It is established that the induced flow velocities and heat
flux vary proportionally with the applied frequency and volt-
age. In particular, the peak blowing velocity estimated by

that at ST1. This is due to the viscous layer being thinner aRotl is in agreement with the present effort. The findings

ST1. The Reynolds number considered is 34 with a Prand@re consistent with the experimental observatfohs Fur-

number of 0.7. With the plasma operating, the temperaturéiermore, the range of velocities for which the plasma is

gradients increase in ST2, ST3 and ST4, but no appreciabRffective is also similar between our and previous studies.

change is seen in ST1. In Fig. 10, a parametric study for thd he maximum heat flux obtained from the parametric study

temperature at ST4 is presented. Figuréal@resents the is about 4.5 times that without plasma. Optimizing the elec-

temperature profile for different free stream velocities. Therdrode shape and operating conditions can further increase this

is a perceptible effect on the profile with the higher velocity value.

case having a larger temperature gradient. Figutb)l®m-
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