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COOLED CYLINDRICAL LANGMUIR PROBE IN A SLOWLY
MOVING PLASMA
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Probe measurements in the plasma of laboratory flames are carried out with flow around the probe at low Reynolds
number (Re ~ 1). The complexity of theoretical determination of the volt—ampere characteristics for a probe in a moving high
density plasma leads to the situation that currently they are limited to calculating saturation currents [1] which is much simpler.
The saturation current at a cylindrical probe with Re < 15 has been calculated in [2]. Determination of volt—ampere
characteristics for Re << 1 is simplified when it is possible to use methods of asymptotic analysis. Cylindrical probe
characteristics for these conditions with moderate potentials have been obtained in [3].

As in many other works, it was assumed in [2, 3] that probe temperature equals that of the stream which is constant
within the flow field. In fact the probe temperature is always markedly lower. It is limited from above by the temperature for
the start thermoelectron emission which distorts the results of determining the ion current. Quite a low probe temperature is
normally achieved in experiments without special cooling and the fact that the probe is introduced into the plasma for a short
time. However, in theory a probe whose surface temperature is below the stream temperature is called cooled.

For a cooled probe in a flow field there is a marked change in ion and electron diffusion coefficients and also the
density of neutral gas. The effect of these factors on spherical probe characteristics in an immobile plasma was studied in [4],
and on the saturation current for spherical and cylindrical probes in a plasma moving at high Re it was studied in [5]. The effect
of the temperature factor on the saturation current of a spherical probe in a slowly moving plasma with Re << 1 was
determined in [6]. The result of these studies is a weak dependence of saturation current on probe temperature.

In the present work, which is a development of [3], studies are continued for a cylindrical probe in a moving plasma
with Re << 1.

1. We consider flow of a dense plasma around a cylindrical conducting body (probe) of infinite length whose axis of
symmetry is arranged perpendicular to the velocity of the approach stream. Flow past occurs with Re << 1. The plasma
consists of neutral particles, positively singly-charged ions and electrons (or negative ions), and the concentration of neutral
particles is far greater than the concentration of charged particles so that the plasma is weakly ionized. The concentration of
charged particles is such that the ratio of the Debye radius to that of the probe & = Ap/R << 1. Chemical reaction in the
stream is assumed to be frozen. The probe surface temperature Tp0 is kept constant and less that the temperature of the
approach stream T 0. At a distance from the probe there is thermodynamic equilibrium so that the temperatures of charged
particles and neutral gas coincide.

Probe operation under these conditions may be described by a set of equations (in dimensionless form) [7]
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Here Sc = (v/D ), is Schmidt number (» is Kinematic viscosity coefficient); p is neutral gas density; u is velocity field; ¢,
c_ mass fractions; p,, p_ are partial pressures; T,, T_ are temperatures; D, D _ are diffusion coefficients for positively
and negatively charged particles respectively; 8 = (D,/D_),; ¥ is electric potential.

Spatial movements are dimensionless in terms of probe radius. Dimensionless electric potential V is connected with
dimensional potential ¢ by the relationship ¥ = —eo/kT 0 (e is electron charge, k is Boltzman constant). The rest of the
values are related to their values at infinity.

Under real conditions Sc ~ 1 so that the gas dynamic Reynold number is of the same order as the electric number.
The connection between gas density and temperature is described by an equation of state

since due to low gas velocity the change in pressure is ignored. Partial pressures have the form

p,=cpT,,p_=cpT_.

The temperature of ions in a continuous atmosphere regime equals the neutral particle temperature (T, = T) [7]. In
addition the partial pressure of positive ions p, = ¢_. In order to determine the temperature of electrons in the general case
it is necessary to consider an equation for electron energy. In order not to complicate the problem as in [4] we limit ourselves
to two particular cases. In the first electrons are also in local thermal equilibrium with the surrounding gas (T = T, p_. =
¢_), and this condition is strictly fulfilled if the transfer of a negative charge is accomplished by ions. In the second case the
temperature of electrons is frozen and equal to its value at infinity (T_ = 1). Then the partial pressure of electrons p_ =
c_/T.

It is noted that in the second case in [4] the continuity equation for electrons (1.2) is not written correctly since the
density of the electron stream in the general case (T_  T) is determined by the gradient of partial pressure and not
concentration [7].

The dependence of diffusion coefficients on temperature may be defined by power functions D, = T™, D_ = T
This type of dependence is given in [8] for different gases. In the case of the frozen temperature for electrons a change in D_
is connected with a change in the neutral gas density D_ = T [7]. The ratio of 8 << 1 if the negative charge is transferred
by electrons, and 8 = 1 if negative particles are ions.

Profiles of velocity u of a neutral gas due to the low level of ionization are determined from solving the problem for
flow round a cylinder by viscous gas and they do not depend on the presence of an ionized component. With Re << 1 they
are obtained in [9] by the method of combined asymptotic expansions. If the dependence of thermal conductivity coefficient
K for a neutral gas on temperature is a power function K = T, then the zero term of the asymptotic expansion for temperature
close to the probe with r < O(1/Re) is given by the expression

T = [T = (7,*" = Dlar/la(1/Re) 1YY, 1.4)

where r is radial coordinate. At a distance from the probe the temperature is close to undisturbed (T = 1).
Boundary conditions for Egs. (1.1)-(1.3) are:
at a distance from the probe with r - o

c,=c_=1Ly=0; (1.5)

at the probe surface withr = 1

a
I
o
i

. =0,y = y;p (prescribed) 1.6)

2. The solution of problem (1.1)-(1.6) is obtained first for saturation currents. We give the path of this solution for
the case when T_ = T.

In order to determine the saturation current, as for the total volt—ampere characteristic, it is not necessary to know
in detail the velocity profile for a neutral gas since with Re << 1 convective terms of Eqs. (1.1) and (1.2) may be ignored
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in the region close to the probe (internal) with r < O(1/Re). Then ignoring in this region the dependence of the function sought
on angular coordinate 6 Egs. (1.1) and (1.2) may be integrated:

dr Tdr ¢ 2.1

de. c_agp 1 Y
& T 2.2)

Here instead of p and D, their dependences on temperature are substituted: I, are dimensionless flows at the probe of
positively and negatively charged particles.

As is well known, with o << 1 in the flow field it is possible to separate a thin layer of a space charge immediately
adjacent to the probe surface and a quasineutral region where ¢, = C_.= c. In the quasineutral region combining (2.1) and
(2.2) and integrating the equation obtained we have

4 (I + 1)in(1/Ré) T y Tim
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c =

(A, is the integration constant).

Integration is facilitated if in (2.1) and (2.2) we move from variable r to T. Expression (2.3) is an important term of
the internal asymptotic expansion of quasineutral concentration ¢ with respect to Reynolds number.

At a distance from the probe with r > O(1/Re) (outer region) it is not possible to ignore convective terms of Egs.
(1.1) and (1.2), but the flow rate as for temperature is close to undisturbed. The quasineutral concentration in this region is
given by the expression [3]

=1 - exp(mcose)z B K _(xr)cosmd,
m=0 2.9

where B, are integration constants; K, are modified Bessel functions of the second type for order m; x = (1 + B)ReSc/4.

Constant A, in expression (2.3) is found on the basis of asymptotic combination. In order to provide combination it
is necessary in (2.4) to assume that By, B,,... = 0 in order to exclude the dependence on 6. Further with x << 1 taking the
first term of the expansion in the series for function Ky(xr) and introducing external variable s = Rer we obtain an internal
representation of external solution (2.4):

¢=1- B(C +la((l + f)Sc/8] + lns} @2.5)

(C = 0.5772 is Euler constant).
Now we obtain an external representation of internal solution (2.3). Turning to variable s in the expression for
temperature (1.4) we have
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since with Re << 1 the second term in square bracket is small compared with one.
Substituting (2.6) in (2.3) and comparing the external representation obtained for the internal solution from (2.5) and
in accordance with the principal of asymptotic combination [10] we find
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Fig. 1

Now assuming in (2.3) that C = O with r = 1 and I_ - O we determine the ion saturation current:

- 21 -1
(€ +Inl(1 + B)Sc/BINT,™ = 1) + (I + 1)In(1/Re)(1 — T ™Y@ -m+ ) @7

+

The electron saturation current I.* is also given by expression (2.7) in which m should be substituted by n.
It is easy to see that at the limit T, - 1 the saturation current determined by (2.7) tends towards an isothermal vaiue
I," obtained in [3]:

2
r= :
In(1/Re) = C - In{(1 + B)Sc/8]

(2.8)

At the limit Re - 0 the ratio of the current given by expression (2.7) to the isothermal value (2.8) has the form

I, 2-m+l 1"7‘!1
;“ 1+1 1—T:'”‘"' 2.9

We dwell on two particular cases of temperature dependences for the diffusion coefficient of ions and the thermal
conductivity coefficient for a neutral gas corresponding to an idealized model for force reaction of molecules. In the first, as
also in [4], we use the model of a gas formed by solid spherical particles. For this model m = 3/2, / = 1/2. The dependence
of normalized ion saturation current at a cylindrical probe with Re - 0 on probe temperature (2.9) agrees with the
corresponding dependence in [4] for a spherical probe in an immobile plasma.

For so-called Maxwellian molecules m = 2, [ = 1. The temperature dependence of the diffusion coefficient for ions
for this model approaches the real situation more [8]. The dependence of limiting normalized saturation current on temperature
with Re — 0, as follows from (2.9), is linear. It is presented in Fig. 1 (line 1) where temperature dependences for normalized
saturation current with finite Reynolds numbers (Re = 0.1 and 0.2, curves 2 and 3) and with Sc = 1 for transfer of a negative
charge by electron (8 < < 1 are also given). Curve 4 relates to the case of transfer of a negative charge by ions (8 = 1) and
Re = 0.1. As can be seen from Fig. 1 there is a tendency of an increase in normalized saturation current with an increase in
Re and for negative ions this tendency is less manifest.

For the frozen temperature of electrons Eq. (2.2) takes the form

Acting as shown above for the concentration of charged particles in the quasineutral region close to the probe we obtain
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After carrying out the required more labor-consuming calculations we determine that the constant

_ (I + DIn(1/Re) I, I_ l’(S -2m+ 2 I 2L+ 1
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The ion saturation current is written as

r 4(2—m+l)(l—7£)
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The electron saturation current

4[1 - T;")
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As a check it is possible to see that with ’I‘p — | saturation currents tend towards the isothermal value (2.8).
The ion saturation current normalized for the isothermal value, as also for the equilibrium saturation current of
electrons, at the limit Re — 0 is given by expression (2.9), and the normalized electron saturation current with Re - 0

[: [ 1 = 7't
—_—= —_r
Lot (2.10)

For the model of gas consisting of solid spherical particles the results obtained in contrast to the case of a uniform
electron temperature do not coincide with results in [4] for a spherical probe in an immobile plasma, which as already noted
is connected with the incorrect entry of the electron discontinuity equation in [4] when T_s T. If this equation is written
correctly, then for a spherical probe in an immobile plasma it is easy to obtained results (2.9) and (2.10).

An interesting result of the present work is the fact that the ion saturation current for the equilibrium and frozen
temperatures of electrons in the limiting case Re — 0 coincide. Divergence occurs with Re # 0. The temperature dependence
for the normalized ion saturation current for the frozen temperature of electrons and a model gas of Maxwellian molecules are
also given in Fig. 1. Curves 5 and 6 relate to Re = 0.1 and 0.4. As can be seen, an increase in saturation current with an
increase in Re occurs even slower than for negative ions. Another interesting result is the fact that for the model of a gas of
Maxwellian molecules the ion and electron saturation currents coincide, as also for the frozen temperature of electrons.

3. Volt—ampere characteristics may be obtained similar to that for a probe in an isothermal plasma [3]. Here we limit
ourselves to the model of a gas of Maxwellian molecules.

For the equilibrium case from (2.1)-(2.3) for the potential in the internal quasineutral region we write

p=—A(T+1) - Afblln(Al - bT)
3.1
@ =, - 1)/, + L), b=1a(1/Re)({, + [.)/(T* - 1)). e

The integration constant in (3.1) is selected so that with T -» 1 the behavior of ¢ is the same as for an isothermal
plasma [3]. From (3.1) it follows that yy - o when T - T, = A,/b. This occurs when £ — £, = ln(llRe)(Tp2 - TSZ)/(TP2
— 1)(¢ = InD).

Thus, quasineutral solution (3.1) is only correct for £ - £g. Analysis of the layer of a space charge with § < £ is
similar to {3]. Equation (1.3), (2.1), and (2.2) after transformation may be reduced to a single equation for the field E =
dy/d¢. Applying to it the transformation

¢ = aa™ (¢ - &), E¢) = a7 F(Q),
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where a = exp(2£,3)1, + I_)"3/T /3, and ignoring terms of the order a3, we obtained an equation for F which after
integration is written in the form

P F
F' = ’{7:'1' + i+ %
. T . (3.2

Equation (3.2) is an extension of the general equation for the layer of a space charge [11] in the case of an
nonisothermal plasma. With {— oo the solution of Eq. (3.2) should tend towards quasineutral, which is written as F = —AT/¢.
At the probe surface it is possible to obtain F,' = 0 with §, = —Fp2/2. Further numerical solution is accomplished by the
procedure in [3].

Calculated volt—ampere characteristics for different o with Re = 0.2 and Sc = 1 are presented in Fig. 2a, b (T, =
0,25 and 0.5 respectively). It can be seen that with a reduction in « the characteristics approach the level of the saturation
current. The saturation current sets in sooner, the lower is the probe temperature.

The start of saturation will conditionally be assumed to be the extreme right-hand point of the curve o = 0.001. For
this point in the calculationI_/I,. = 0.Probe potential 1/zp* with which the saturation current is achieved in relation to Tj, is
presented in Fig. 3 (curve 1). It is possible to write approximately that it is connected with temperature T, by the relationship
¢p* = 10T, + 1. With this potential and quite small « the current at the probe is close to the theoretical saturation point. It
is noted that potential 1[/p* is almost independent of Re in the range when it is suitable for the present study Re < 0.4. This
procedure may also be repeated for a model gas of elastic spheres. A change in the model also does not affect the value of z,bp*.

For the frozen temperature of electrons in the internal quasineutral region it is possible to find

T -1 AJ_ =280 A
1+T7 I( ) A “l( T].

2
= + + n|{—-5%
¥ 2 I, +1_ (, +1.)2b 2

Acting the same as described above, we obtain an analog of Eq. (3.2):

492



(3.3)

@A, =, -TI)/ U, +1), T = AJ/2).

The boundary condition at the probe surface for Eq. (3.3) is unchanged, but with { > o, F - —},/{.

Calculated characteristics with the same parameters as for Fig. 2 are provided in Fig. 4. In contrast to the case of
equilibrium temperature for electrons when probe characteristics are symmetrical with respect to the ordinate axis, for the
frozen temperature of electrons the characteristics are markedly asymmetric. With a probe potential equal to that of the plasma
¥p-= 0, the dimensionless electron current appear to be greater than the dimensionless ion current. Equality of them occurs
with some positive potential ¥ (the dimensional potential is negative).

Potential y is greater, the less is T, and with fixed temperature T, the less is «. Dependences for i, on Tp for
different o« are given in Fig. 3. Curves 4-6 relate to o = 0.001; 0.01; 0.1. Potential \//p* with which saturation is achieved is
more conveniently reckoned from y,. Temperature dependences of potential ¢p* reckoned for the absolute value from v are
given in Fig. 3. Curve 2 corresponds to saturation of the ion current, and 3 to saturation of the electron current. As can be
seen saturation of the electron current compared with the ion current occurs with a lower potential.

4. We use the results obtained in order to explain some experimental results with probe measurements in the plasma
of a flame.

The experimental characteristics of a cylindrical probe taken in a flame with addition of sodium were given in [3] where
it was determined that the potential of the plasma with respect to the burner body is 0.5 V. As follows from the results of the
present work, the potential found for the plasma is the same as in the case of the equilibrium temperature of electrons; if it
is frozen, then it is not the potential of the plasma, but it is some potential which in dimensionless form is denoted as g in
the preceding section. However, in the experiment in question the equilibrium case is realized.

Dimensionless probe potentials with respect to ¥, with which currents reach saturation comprised in [3] ¢p* = 5 for
the ion current and \pp* = 7.5 for the electron current. These values, which are lower than given by the theory in [3] for an
isothermal plasma, are entirely explained within the scope of this work. The greater attention given in [3] to the characteristics
shows that saturation of the electron current may also be assumed to set in with x[/p‘ = 5, i.e., with approximately the same
values of potential which correspond to the case of the equilibrium temperature of electrons. With a flow temperature T, =
2400 K saturation of the current with \Lp* = 5 occurs with a probe temperature Tp0 = 950 K. The probe temperature in the
experiment in [3] was not specially measured, but this value is entirely acceptable and it agrees with the results of work where
the temperature was measured in [6].

In the experiment in [3] it was noted that the ratio of electron and ion saturation currents was much less than predicted
by theory and it was assumed that this is explained by formation of negative ions whose diffusion coefficient is much less than
for electrons and of the same order as the diffusion coefficient for positive ions. On the basis of the results of the present work
it is possible to confirm that this explanation is entirely possible since if there was break away of the electron temperature from
that for heavy particles close to the probe this would not affect the ratio of saturation currents.

Provided in Fig. 5 are examples for the current at the probe with the passage of time as the probe heats up in the flame.
Curve 1 is obtained with probe potential —12 V with respect to the burner body. As can be seen from Fig. 5, after introducing
the probe into the flame the current which with this potential is the current of positive ions is almost unchanged to a certain
instant of time after which it increases sharply. This current behavior is well known [6]. Of considerable interest is curve 2
obtained with a weakly negative probe potential with respect to the plasma potential ¢, = —0.5 V (op = 0 with respect to
the burner body). The path of the curve is complex in nature and it appears that such a record has not been published.
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From the point of view of the present work the path of curve 2 may be explained as follows. Potential ¢p=—05V

corresponds to \l/p = 2.5. In introducing a probe having room temperature TpO = 300 K into a flame with a temperature of
about 2400 K the saturation current should be observed for the equilibrium temperature of electrons with 1//p* = 2.25. Thus,
in the first instant of time after introducing the probe its potential appears to be greater to be greater than the potential of the
ion saturation current. Consequently, current at the probe is entirely determined by the positive ion current. Subsequently as
the probe heats up the potential for the start of saturation ll/p* shifts in the direction of higher values, and the current at the
probe is determined by the current of both positively and negatively charged particles which leads to a gradual reduction in
the total current since the relative contribution of negative particles to the probe current gradually increases. It is necessary
to consider that the “effective” value of diffusion coefficient for negatively charged particles determined in [3] exceeds
approximately by a factor of seven the diffusion coefficient for positive ions. Therefore, although the dimensionless ion current
remains greater than the dimensionless electron current the contribution of negatively charged particles to the total dimensional
current starts to predominate, which causes a shift in the sign of current. A further increase in current is connected with the
start of thermoelectron emission.

Curve 3 in Fig. 5 was obtained with the same conditions as for 2 but for a probe of greater length and thickness. The
rate of heating for this probe was the slowest.

In conclusion it is noted that experimental verification of the relationship between the saturation current and the
concentration of charged particles provided in [2] showed that there is some increase in the experimentally determined
saturation current above the theoretical value. As can be seen, consideration of a nonisothermal plasma leads to a reduction
in the theoretical saturation current, and it would appear to a greater divergence between theory and experime
nt. However, with an increase in Re a tendency is noted of an increase in the saturation current normalized for the isothermal
value, and in [5] it was established that with Re >> 1 the saturation current for a cooled probe is even somewhat greater than
for a cooled probe. Thus, it might be expected that consideration of a nonisothermal plasma does not have a marked effect on
the degree of conformity between theory and experiment, the divergence between which may possibly be explained by the
combined effect of negative ions [12] and the kinetics of ionization reaction, i.e., recombination of atoms and ions of the
additive [13].
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