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Boundary-Layer Charged-Particle Density Profiles in an
Atmospheric Pressure Plasma Flow

M. Suzuki* and A. Kanzawat
Tokyo Institute of Technology, Tokyo, Japan

The charged-particle density profiles inside the boundary layer formed on a flat plate or a circular cylinder
located in an atmospheric pressure plasma flow were measured with electrostatic probes. Theoretical profiles
were obtained through numerical solution of momentum, species, and energy conservation equations taking
account of variable transport properties. Comparison of these results leads to the following conclusions: For the
flat plate boundary layer, the measured charged-particle density at the bottom of the boundary layer is higher
than that calculated for the thermochemical equilibrium condition and is close to the result calculated based on
''frozen" chemistry; but the state in other parts of the boundary layer deviates from the "frozen" chemistry
condition. For the cylindrical boundary layer, the measured charged-particle density is near the "frozen" state
in the neighborhood of the stagnation point, but it approaches the thermochemical equilibrium state as the angle
from the stagnation point increases. Furthermore, it was found that the state in the cylindrical boundary layer
changes fairly abruptly from "frozen" to "thermochemical equilibrium" at the angle of 110 deg ~ 120 deg,
which is in the neighborhood of the separation point.
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= area of probe electrode surface
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= specific heat at constant pressure
= CP/CPO
=.mass fraction of j particle
= ambipolar diffusion coefficient
= thickness of electrical sheath
= ire*x

= ionization energy
= charge of electron
= function defined by Eq. (18)
= u/u0
= Ht/Hto
= total enthalpy
= enthalpy
= heat-transfer coefficient
= probe current
= mobility of ion
= Boltzmann's constant
= Lewis number
= mass of j particle
= Nusselt number (htx/K.)
= Nusselt number (htd/K) I
= number density of j particle
= Prandtl number
= Reynolds number (ux/v)
= Reynolds number (ud/v)
= radial coordinate
= probe radius
= cylinder radius
= Schmidt number
= temperature
= nondimensional temperature ( T— Tw ) I ( T0 — Tw )
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nondimensional temperature T/ ( T0 — Tw )
velocity of x direction
velocity of external flow
velocity of r direction
velocity of 6 direction
absolute value of probe potential
velocity of y direction
diffusion velocity
gas phase reaction velocity
mean velocity of particles
production rate of y component
distance from flat plate edge
distance from flat plate wall
Ci/CiO
recombination coefficient
thickness of boundary layer
5/2(RT/Ef)
Damkohler number
quantity defined by Eq. (9)

= angle from stagnation point
= thermal conductivity
-K/KO
- viscosity

= kinematic viscosity

= density
= P/Po
= pD/PoD0
= quantity defined by Eq. (9)
= diffusion time
= reaction time of gas phase
= probe angle against flow direction
= eV/kT
= stream function
= nondimensional stream function
= vorticity
= nondimensional vorticity w/ (u0/r0)

Subscripts
a
e
h

= atom
= electron
= heavy particles (ion and atom)
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/ = ion
j =j particle
w = wall
0 = boundary-layer edge
_L = perpendicular to flow
|| = parallel to flow

I. Introduction

FOR the problem concerning transport phenomena, e.g.,
heat transfer between a plasma flow and a solid wall,

which has appeared in many practical situations, it is im-
portant to know the state inside the boundary layer near the
solid wall. In particular, thermal plasma flow at atmospheric
pressure is often used as a source of heat in plasma furnaces,
etc., so it is necessary to investigate the state of the boundary
layer in this condition. The state inside the boundary layer
changes between "frozen" and "thermochemical equili-
brium" by a balance between the diffusion time of charged
particles (ions and electrons) across the boundary layer and
the gas phase recombination time.

Several theoretical analyses1'4 of the ionized boundary-
layer flow have been carried out, with the objective of ob-
taining the current-voltage characteristics of the electrode on
the solid surface where the plasma sheath was either collision
dominated or collision free. Experimental data are relatively
scarce. There are only a few reports concerning the flat plate
boundary layer at low pressure,5'6 and they show that the
state inside the boundary layer is near "frozen." However,
this condition does not always hold at higher pressures,
because at high pressures the collision of particles in the
boundary layer occurs more frequently than at low pressures.

In this study, an atmospheric pressure argon plasma jet
with known temperature and velocity distributions was used
as a plasma flow source. The charged-particle densities inside
the boundary layer formed on the flat plate or the circular
cylinder located in the flow were measured with electrostatic
probes. Theoretical profiles were obtained through numerical
solution of momentum, species, and energy conservation
equations taking account of variable transport properties. By
comparing experimental and theoretical results, the states of
the boundary layers were investigated about the y direction
for the flat plate and about the 6 direction for the circular
cylinder.

II. Experimental Apparatus and Method
Experiments reported here were performed using the

plasma jet produced by the arc discharge between an anode
(copper nozzle) and a cathode (tungsten rod). A detailed
description of the equipment has been given elsewhere.7 The
temperature and velocity distributions of the plasma jet,
which are shown in Fig. 1, also have been obtained by the
method described in the same report. And, it is confirmed that
the state inside the plasma jet is at thermochemical
equilibrium.

The electrostatic probe for measuring charged-particle
densities was made of 0.2-mm-diam platinum wire covered by
a porcelain tube (0.2 mm i.d., 0.5 mm o.d.), whose end was
flattened so as to be used as the electrode surface as shown in
Fig. 2. The flat plate used was made of brass with a square
base ( 8 x 8 mm) as shown in Fig. 4A. The cylinder used was a
stainless steel (or copper) tube with a diameter of 2 mm. The
probe can be traversed with an accuracy of 0.1 mm in the x
and y directions by the adjuster. As shown in Fig. 3, both the
flat plate (or cylinder) and the probe were attached to a
turntable whose rotating velocity was variable. After the
probe was set to pass through a certain position in the plasma
jet, it was swept with a velocity of 0.86 m/s through the
plasma flow by the turntable; this was done to avoid thermal
damage to the probe.

The experiments for the flat plate were performed for three-
way directions of the probe to the flat plate (Figs. 4A, a-c)
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Fig. 1 Velocity and temperature distributions of plasma jet.
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Fig. 3 Outline of the experimental apparatus.

considering the influence of the flow direction on the probe
current. The charged-particle density in the neighborhood of
the flat plate wall was measured with the probe imbedded in
the flat plate and flattened (flush probe) as shown in Fig. 4A,
d. The experiments for the cylinder were also done with the
probe located as shown in Fig. 4B. In these experiments, the
position of the edge of the flat plate or the stagnation point of
the cylinder was always at the section, 2 mm from the nozzle
exit of a plasma jet.

The charged-particle densities inside the boundary layers
could be obtained by measuring the ion-saturated current that
flows into the negatively biased probe, because it was
dominated by ambipolar diffusion ions and electrons. In this
experiment, the ion current was saturated in the range of
V< -10 V, so the constant probe potential of -12 V was
used.

The obtained ion saturated current distribution in the flat
plate boundary layer at x~2 mm is shown in Fig. 5 as an
example. Similar distributions were obtained at x=\ and 4
mm. For the cylindrical boundary-layer measurement, the
similar experiments were performed with those probes with
the probe in the direction of the plasma flow as shown in Fig.
4B. Flush probes were imbedded at x- 1,2, and 4 mm in the
center of the flat plate. Data for these probes were obtained at
probe potentials of - 10, -20, and -30 Fand at x = 2 mm.
Ion currents of 3 . 6 x l O ~ 4 , 4 . 4 x l O ~ 4 , and 4 . 8 x l O ~ 4 A
were obtained for each probe potential. For the measurement
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Fig. 5 Measured ion current
distribution in the flat plate
boundary layer.
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in the rear flow of the cylinder, the water-cooled copper tube
located in the plasma flow was used, and only the probe was
swept perpendicularly to the tube axis, so that continuous
data could be obtained in this region.

HI. Numerical Analysis
In order to compare experimental profiles with theoretical

ones, a numerical analysis of each conservation equation of
hydrodynamics was carried out assuming "frozen" or
"thermochemical equilibrium." The properties of argon
required in this analysis were /o, /i, K, D, and cp, which change
abruptly at the temperature around 10,000 K where ionization
reaction mainly occurs. Therefore, for the plasma flow of
13,240 K used in the present experiments, this influence must
be considered when these equations are solved. In this study,
the plasma was considered to be a mixture consisting of
atoms, ions, and electrons, and its properties were obtained
using the simple kinetic theory.8

The present calculations contain the following assumptions
which are satisfied in our experiments: 1) steady flow; 2) two-
dimensional flow; 3) an ambipolar diffusion process; 4) a very
thin electrical sheath, so that this effect is not considered; 5)
no applied external electric and magnetic fields; 6) plasma
consisting of atoms, ions (singly ionized), and electrons with
the same temperature. Under these assumptions, for both the
flat plate boundary layer and cylindrical one, the numerical
analyses were carried out.

A. Flat Plate Boundary Layer
For the flat plate boundary layer, a numerical analysis was

carried out for the cases of "frozen" and "thermochemical
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Fig. 6 Result of numerical
calculation for the flat plate
boundary layer.
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equilibrium.'* For the fields of flow, temperature and
charged-particle density, the laminar flat plate boundary-
layer equations for the similarity solution are given by Back9

as follows:

(C/")'

(2)

Le

where the boundary conditions are r? = 0: /(0) = 0, g(Q) =

Numerical solutions of Eqs. (1-3) were carried out by a
Runge-Kutta-Gill method using the properties calculated at
each position of the boundary layer. The boundary conditions
are T0 = 13,240 K, w0 = 230 m/s, c/0 = 0.26 (the values of
thermochemical equilibrium state at 13,240 K), rw = 500 K,
and zw = 0. In the "frozen" case, numerical solutions could be
obtained by integration of Eqs. (1-3) using the aforemen-
tioned method. But in the case of "thermochemical
equilibrium," it is impossible to obtain the solutions of Eqs.
(1-3) analytically, so Sana's equation was taken instead of Eq.
(3) and the solution was obtained by the similar method.
Figure 6 shows the results obtained. The solid and broken
lines indicate the "frozen" and "thermochemical
equilibrium" cases, respectively.

B. Cylindrical Boundary Layer
For the cylindrical boundary layer, the boundary-layer

approximation cannot be used. Here, in order to simplify the
equations, the assumptions that the kinetic energy is neglected
and the dissipation term is neglected (about 1%) were added.
Under these assumptions, a numerical analysis was carried
out for two cases of "frozen" and "thermochemical
equilibrium."

For the basic equations in the two-dimensional cylindrical
coordinate (r, B), the following stream function and vorticity

pr 80'

7~ + ~a7"

1 d^
- —p dr

dur

(4)

(5)

were introduced and transformed with the coordinate A, a
(Ref. 10):

= r0exp(ir\) (6)
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Each variable was nondimensionalized as follows:

* w T-TW.,* = ———, ^ * =———-

Re = Sc =
KO ' p0D0'

As a result, the following equations to be solved were ob-
tained:

ax

d\l/* dC: d\b* dC: 2 1 [ /—— • — — —— - — = — • — (pD) * ( -
a\ da da aX Re Sc IT V

, d [ ( P D ) * } dc, t d((PDr] oc,
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da2

r0Wj

PoPo

jL * \PT' ^ r —ax" ~d\

d\ Re

ax ax

Here, [/i,p] and [p] show the term consisting of the dif-
ferential terms of p and p, so that they are zero when /x and p
are constant. Equations (7-10) are transformed into the
difference equations, and the numerical calculation is carried
out taking into account the variation of properties in the
boundary layer. But it is difficult to calculate those equations
directly, so the following method was used: 1) In the
flowfield, a numerical calculation was carried out assuming
that properties are constant: [/*,p] = 0, [p] = 0, /**, and
p* = l. In this case, a Reynolds number of 46.2, which is
equivalent to the outer flow, was taken as a typical property.
2) Using the preceding result of the flowfield, the two
solutions assuming the frozen state [w, =0 in Eq. (9)] and the
thermochemical equilibrium [using Sana's equation instead of
Eq. (9)] were calculated. The obtained results are shown in
Fig. 7 as the isodensity lines of charged-particles.

IV. Methods of Data Reduction
For the probe imbedded into the flat plate placed parallel to

a plasma flow, the equation that combines the ion current
with the charged-particle density has been obtained by
Clements11 using the analogy between the heat and mass
transfer for a case similar to our experimental conditions. We
also used the same method to evaluate the charged-particle
density from the ion current.

In this experiment the probe surface was considered to be
the flat plate. When the electrode surface of the probe was
placed parallel to a plasma flow, the heat-transfer equation
for the flat plate parallel to a flow was used; when it was
placed perpendicular to a plasma flow, the equation of a
perpendicular one was used. For the parallel flat plate, the
local Nusselt number has been given by12

Fig. 7 Result of numerical
calculation for the cylin-
drical boundary layer.
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Fig. 8 Effect of probe
angle on ion current.
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where x is the distance from the edge of the flat plate. For the
perpendicular one, the following,I3

= 0.572 - (12)

has been given, where x is the distance from the center of the
stagnation point. Since the velocity of the front surface of this
flat plate is given by u/u0 = 0.78 [x/(d/2)]> the heat-
transfer coefficient of Eq. (12) is independent of x. So, using
the analogy between heat and mass transfer, the following
equations can be obtained. In the case that the probe surface
is placed parallel to a plasma flow,

/„ = 0.332-Sc1/3 -Rex
 l/2 - (D/x)cteA

In the perpendicular case,

± = 0.771 • Sc2/5 • Red
 1/2 - (Did) cfeA

(13)

(14)

By using these equations, the charged-particle density at each
position could be estimated from the measured ion current.
To substantiate the availability of the preceding equations,
the ion current in the main stream of a plasma jet was
measured with the probe that was placed parallel or per-
pendicular to the plasma flow, and the charged-particle
density was calculated. The values measured by two different
methods were nf = l.2l x 1017 cm~ 3 [using Eq. (13)] and
//, = !.25 x 1017 cm ~3 [using Eq. (14)], respectively. These
values almost agreed with the value nt = 1.17 x 1017 cm ~3 in
the thermochemical equilibrium state at 13,240 K within
experimental error.

In the cylindrical boundary layer, particularly, the electrode
of a probe faces the various flow directions; hence, this effect
was investigated. At a fixed position of plasma flow, the ion-
saturated current was measured changing the direction of the
probe electrode to a flow. This experimental result is shown
by open circles in Fig. 8. Here, </> is the angle of the probe to a
flow, and solid circles show the theoretical value obtained by
Eqs. (13) and (14) for an equal value of c,. It is shown that this
almost agrees with the experimental value. From this result,
when the electrode surface was not placed parallel or per-
pendicular to a flow, the correction factor

= 0.7+a3(cos</>)2/5 (15)

Nu =0.332- (11)
was used and the charged-particle density at various points
could be calculated using Eqs. (14) and (15).
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In these calculations, values of properties p, /z, and D and
flow velocity were required; hence, the values obtained in the
"frozen" numerical solution were used. Although the choice
of these values was a problem, it was verified that the result
made no great difference from that using the values obtained
in the "thermochemical equilibrium" numerical solution.

The data obtained by the flush probe, which was imbedded
into a flat plate in order to investigate charged-particle density
in its neighborhood, were analyzed by the following method.
For the sheath (its thickness was very thin) that was formed on
the electrode surface, the equation (of space-charged limited
current)

V2

32
(16)

was applied. Substituting the measured V and / and the
calculated value of mobility of ions (#,), the sheath thickness
d is obtained. Using this value and the result of the
aforementioned numerical solution, the charged-particle
density (/?,) at the distance from the wall (d) can be obtained
for each value of "frozen" and "thermochemical
equilibrium." Which value should be used may be determined
by whether

(17)

is satisfied or not. In this case, it was found that the solution
for "frozen" satisfied this condition, and using this solution
the charged-particle density (nt) at (d) was obtained.

V. Results and Discussions
A. Flat Plate Boundary Layer

The obtained experimental and theoretical results are
shown in Fig. 9 as the ratio of the degree of ionization to that
in the outer flow. From this figure, it is found that in the
present condition the state inside the flat plate boundary layer
is not necessarily "frozen" and a certain degree of recom-
bination of ions and electrons occurs there, although the state
of the neighborhood of the wall is close to "frozen."

In order to support experimentally the assumption that the
similarity solution holds in the boundary layer, the charged-
particle density profiles measured at x = 1,2, and 4 mm were
plotted together with 17, using properties obtained theoreti-
cally, as shown in Fig. 10. This figure, in which the data are
on an identical curve, supports the assumption roughly.

These experiments were performed under the condition that
the flat plate is at the floating potential, so it is necessary to
consider this influence. A voltage of -24 — + 6V was given to
the flat plate from the anode of the plasma jet, and the
charged-particle density profiles and the potential distribu-
tions inside the boundary layer were measured by the similar
method. As a result, it was found that the profiles almost

agreed with those at the floating potential and the potential
gradient was very small in the region of x> 0.1 mm, so that
the influence of the potential on those was considered to be
negligible. This is caused by the fact that, for the negative po-
tential, a drop occurs in the sheath whose thickness is very
thin; and, for the positive potential, the potential varies gently
in the entire region of the boundary layer.

The assumption that the electron temperature is equal to
that of heavy particles may be justified by the following
calculation and the reference in which the probe charac-
teristics in an atmospheric pressure argon plasma were in-
vestigated experimentally and theoretically.14 The diffusion
and collision times of electrons in the boundary layer could be
estimated using the following equations, respectively.

= 6/2 _ 6 //^ d/^\ _6^_
~ ^ ~2l\ne dx /~ 8De

(18)

(19)

Using these values, the number of collisions of electrons in the
boundary layer was found to have a large value (about 109).

B. Cylindrical Boundary Layer
Figure 11 shows the isodensity lines of charged particles

obtained by experiments. From the comparison with the
theoretical results of Fig. 7 it is found that it is close to the
result of "frozen" in the neighborhood of the stagnation
point, but it has a tendency to extend outward at an angle of
attack of about 120 deg. In Fig. 12, the charged-particle
density profiles at 0 = 90 deg and 0=132 deg obtained by
experiments are shown with the theoretical profiles of the
"frozen" state. This figure shows that at 0 = 90 deg the ex-
perimental profile agrees approximately with the theoretical
one, but at 0= 132 deg it deviates from that. In order to make
this tendency clear, the charged-particle density at the
position of the half-thickness of the boundary layer was
plotted as shown in Fig. 13. From this figure, in which the
theoretical "frozen" and "thermochemical equilibrium"
profiles were illustrated together, it is found that the state in
the boundary layer changes fairly abruptly from "frozen" to
"thermochemical equilibrium" at an angle of 110 ~ 120 deg.
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Fig. 11 Experimental result for the cylindrical boundary layer.
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Fig. 12 Charged-particle
density vs distance from
cylinder wall at different
angle from stagnation
point.
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Fig. 13 Charged-particle
density at half-thickness
of frozen state boundary
layer obtained by
numerical solution.
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From these results, it was confirmed that the state of the
boundary layer is close to "frozen" in the region of 0<110
deg and is close to "thermochemical equilibrium" in the
region of 0> 120 deg. This is considered to be caused mainly
by the growth of the thickness of the boundary layer as 6
increases. The Damkohlar number, by which the state in the
boundary layer can be decided to be "frozen" or "ther-
mochemical equilibrium," is shown by the following forms15:

(20)

It indicates "frozen" for f< l and "thermochemical
equilibrium' for f > 1. Since this number is proportional to the
square of the thickness of the boundary layer (6), it is found
that the value of 6 strongly influences f. In addition to this
fact, considering that its abrupt change occurs in the
neighborhood of the separation point of 0=110 deg-120
deg, it may be guessed that the turbulent flow induced by the
separation has the influence on the gas phase reaction. The
degree of the gas phase recombination reaction is given by the
recombination coefficient a, but it is difficult to treat it
quantitatively in the present situation because the recom-
bination coefficient depends significantly on its mechanism,
conditions and the effect of the turbulent flow which are
unknown.

VI. Conclusions
From the foregoing studies for the atmospheric pressure

plasma the following conclusions have been obtained.
For the flat plate boundary layer, it was shown that in the

atmospheric pressure the measured charged-particle density at
the bottom of the boundary layer is higher than that
calculated for the thermochemical equilibrium condition and
is close to the result calculated based on "frozen" chemistry;
but the state in other parts of the boundary layer deviates
from the "frozen" chemistry condition, although the
boundary layer in the low pressure is "frozen" for the entire
range.

For the cylindrical boundary layer, it was shown in the
present condition that the charged particle density of it is near
the frozen state in the neighborhood of the stagnation point,
but it approaches the thermochemical equilibrium as the angle
from the stagnation point increases. Furthermore, it was
found that the state in the boundary layer changes fairly
abruptly from "frozen" to "thermochemical equilibrium" at
the angle of 110 deg- 120 deg, which is in the neighborhood
of the separation point.
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