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Conductivity Probe Measurements in Flames

R. A. OLSON* AND E. C. LARY|
United Aircraft Corporation, East Hartford, Connecticut

An electrodeless probe has been developed to measure the electrical conductivity of high-
temperature gases or flames. The weak interaction of an rf field with a plasma is employed to
measure the conductivity in the immediate vicinity of the probe. The probe overcomes the
principal difficulties associated with techniques employing electrodes or microwaves and is
generally applicable to subsonic flows. Values of conductivity in the range of 0.04 to 0.27
mho/m have been detected with the probe in traversing an alkali-seeded hydrogen-oxygen
flame. The same probe has shown a linear response to the conductivity of electrolytic
solutions of up to 40 mho/m.

Introduction

SEVERAL techniques have been advanced for measuring
the electrical conductivity of flames. The most com-

mon techniques have difficulties associated with the use of
electrodes, including the effects of boundary layers, electrical
sheaths, contact potentials, and thermionic emission.1 These
difficulties have been overcome in several investigations by
the use of an electrodeless interaction with the flame. Wil-
liams2 employs a resonant coil surrounding the flame to ob-
tain a relative measurement of dissipation in the flame. The
primary difficulty here is that only an average measurement
over a large region of the flame can be obtained and that
absolute values of conductivity were not obtained. Micro-
wave techniques used by still other investigators (e.g., Ref. 3),
though having many advantages, involve an average of the
interaction over the entire path length through the flame.

A conductivity measurement probe has been developed in
order to overcome difficulties in the measurement of plasma
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conductivity in MHD devices.4 The probe detects the
conductivity in its immediate vicinity by dissipating a very
small amount of rf power in the plasma. The weak interac-
tion with the plasma is detected by observing the resistive
loading of a sensitive rf oscillator-detector. Ring currents
are induced in the plasma, about the insulated probe, so
that the difficulties associated with electrodes are eliminated.
Moreover, the measuring frequency of about 20 Me/sec is
well below the electron collision frequency of the flame,
insuring that the d.c. electrical conductivity is measured by
the rf probe.

The electrodeless probe technique has been applied to the
measurement of the conductivity of electrolytes, semi-
conductors, low-density plasmas (including rf discharge
plasmas), and the high-temperature ionized-gas flow of an
MHD generator. More recently, the technique has been
employed in the measurement of flame conductivity. This
application required a miniaturization of the probe, as well as
improved instrumentation, in order to detect and resolve
very small values of conductivity. At the same time, a
simplification of the probe design (with the elimination of the
need for cooling) was achieved by traversing the probe very
quickly through the flame. The outer shell of the probe is
an insulator, thereby eliminating spurious thermal effects
during the period of probing.

Conductivity Measurement Probe

The conductivity probe is basically a single-layer, tightly
wound helical coil impressed with rf currents by an external
circuit. The coil acts as the primary of an rf transformer in
which the plasma is a short-circuited secondary that dis-
sipates a small amount of power. The coil produces an
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Fig. 1 Conductivity measurement probe.

approximately dipolar magnetic field about the probe, the
time variation of which gives rise to an electric field Ee about
the axis of the probe. In the presence of a medium of uni-
form conductivity a, an amount of power (rEe* is dissipated
per unit volume due to the induced azimuthal current.
For sufficiently small values of o-, the rf field will penetrate
through the plasma without appreciable (skin effect) attenua-
tion but will decay algebraically according to the rf dipolar
magnetic field. Thus, the rf field is not greatly affected by
the conducting medium, especially near the probe where Ee
is greatest. The total power dissipation, equal to the
integral of aEe2 over the volume of the medium, will therefore
be simply proportional to a. (This regime is called the small
Rm regime,4 in which a distortion of the electromagnetic field
does not occur on the length scale of the probe.)

The rf frequency is chosen to be considerably lower than
the average electron collision frequency, so that many col-
lisions will occur during a period of oscillation, and the d.c.
electrical conductivity will be measured. It is equally im-
portant that the measuring frequency avoid the plasma
resonance frequency, the electron cyclotron frequency
(associated, for example, with an applied magnetic field),
and any frequency characteristic of the flow of the conducting
medium past the probe. Moreover, any flow past the probe
must be subsonic in order to avoid shock waves and the
resulting spatial variations of conductivity.

In addition to the coil, the probe (Fig. 1) consists of an
electrostatic shield surrounding the coil, the function of which
is to prevent the penetration of any axial component Ez into
the medium, an electromagnetic shield along the length of
the probe, and an insulating shell enclosing the coil and its

OSCILLATOR

shielding. The coil leads are returned as a coaxial cable
formed by the electromagnetic shield and a central lead along
the axis of the probe. The internal temperature of the
probe may be monitored with a thermocouple junction at the
coil. The probe stem is fabricated of 5-mm quartz tubing,
the coil of AWG 32 copper wire, and the shell of high-density
boron nitride. The electrostatic and electromagnetic shields
are of fired-on platinum and silver, respectively, with the
latter being connected through a brass sleeve to a standard
coaxial cable fitting at the butt of the probe.

A variety of circuits have been employed to produce the
rf signal and to detect the amount of dissipation. The
simplest circuit, involving the direct coupling of the probe to a
commercial grid-dip meter, is adequate for the measurement
of the conductivities in the range of 1 mho/m and above and
has the property that the grid current response is approxi-
mately linear with conductivity in a large range. More
sensitive oscillator-detector circuits that have been de-
veloped especially for use with the probe will accurately
detect conductivities as low as 0.04 mho/m.

The circuit shown in Fig. 2 represents a stationary oscil-
lator-detector unit that is connected to a movable probe by a
flexible coaxial cable. The oscillator, shown at the left,
consists of two tubes, one a grounded-grid amplifier that
excites the resonant circuit of the probe and the other a
cathode follower driving the grounded-grid amplifier. The
voltage on the resonant circuit is delivered to the cathode
follower to complete the feedback loop. The cathode
follower operates in a nonlinear range so that the amplitude
of the oscillation determines the average plate current and,
hence, plate voltage. The plate voltage of the cathode
follower is at a level of about 100 v, with the perturbation
signal due to dissipation being of the order of millivolts.
The change in plate voltage is amplified in the differential
amplifier, shown on the right, with the output (of the order of
volts) being detected by a voltmeter. Alternatively, the
voltage change due to conductivity was detected at high
speed using an oscilloscope, with the meter removed from the
circuit. The data described in the subsequent section were
obtained by the latter method, using a Tektronix type Z
preamplifier and a scope camera to record data.

The values of components in the oscillator and amplifier
were selected to provide fast response, with a resulting over-
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Fig. 2 Diagram of oscillator-detector circuit.
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Fig. 3 Stationary oscillator with flexible probe connector.

all response time of about 2 msec. The oscillator was entirely
enclosed in a shielding box of -J-in.-thick welded aluminum
plates with removable top and bottom covers. The variable
capacitor C-l is a General Radio, type 1420-H, and was pro-
vided for frequency control of the resonant circuit. "Zero"
and "range" controls were provided as shown in the schematic
to control the level of the d.c. output signal. The arrange-
ment of oscillator and movable probe with coaxial cable con-
nection is shown in Fig. 3. A typical probe coil employed in
conjunction with the oscillator consisted of 20 turns of AWG
32 copper wire, coaxial with the probe, and of 0.160-in. i.d.

The probes were calibrated with electrolytic solutions of
known conductivity. Distilled water gave no detectable
signal on the most sensitive scale, and the calibration indi-
cated a linearity of the output signal with conductivity
throughout the range of calibration, which extended from zero
to 40 mho/m. The calibration with ionic solutions is valid
for plasmas and other electronic conductors since the radio
frequency is much smaller than the appropriate collison fre-
quency in either case, so that a d.c. measurement is made.
The validity of the calibration with electrolytic solutions is
exhibited experimentally by the good agreement obtained
between conductivity probe measurements in solutions and
hi a glow discharge plasma, as shown in Fig. 10 of Ref. 4.
The glow discharge data agreed well with the electrolytic
calibration data except for a constant displacement that has
subsequently been eliminated by electrostatic shielding of
the probe.

Application to Flame Measurement

The probe was traversed through the flame on a solenoid-
actuated sliding mount, shown in Fig. 3. The resulting
deformation of the coaxial cable gave a negligible output
signal. Because of the high sensitivity required, the data of
this section were obtained by manual operation of the travers-
ing mechanism in order to eliminate noise in the signal due to
acoustical vibrations. Thermal effects due to traversing the
flame gave a spurious signal with a thermal time constant of
78 sec (Fig. 4). The oscilloscope traces obtained in the actual
conductivity measurement, shown in Fig. 5, show no thermal
effect during the traverse of the probe, which was a period of
about 0.3 sec.

A hydrogen-oxygen flame was studied, with and without
seeding solutions of alkali chlorides (including NaCl? KC1,

Fig. 4 Probe ther-
mal response.

Fig. 5 Conductivity
output signal.
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RbCl, and CsCl). The torch used throughout was a Bethle-
hem bench burner (PM2D model A), giving a flame thickness
of about 1 in. The addition of seeding solutions was achieved
with a glass atomizer that was constructed to yield sufficient
seeding concentrations and oxygen throughputs.

The over-all configuration of the experiment is shown in
Fig. 3. Flowmeters were provided for measuring the oxygen
and fuel flow rates. The seeding solution was added directly
to the oxygen flow of both the inner and outer burner ports,
The flame temperature for the constant operating conditions
selected was found to be 2600 °K, as measured by the sodium
D-line reversal technique. The temperature of the tungsten
filament used for comparison was calibrated using an optical
pyrometer.

A uniform region of the flame occurring about 3 in. above
the primary reaction zone was studied throughout. The
probe was pulsed through the flame and returned to the start-
ing point behind a heat shield that minimized thermal effects
prior to pulsing the probe, and the conductivity was recorded
using the oscilloscope (Fig. 5). The conductivity was meas-
ured both on the way through the flame and on the return,
and the latter was found to be consistently smaller in a con-
stant ratio. This is probably because of a lower conductivity
in the wake of the receding probe. Since the probe was of
nonnegligible diameter compared to the flame thickness, no
conclusive determination of conductivity gradients within the
flame could be inferred.

In order to determine the influence of mechanical motion
and high temperature on the probe response, several runs were
made without seeding the flame. No signal was detected on
the most sensitive scale during the traverse time.

The flame conductivity was measured for NaCi, KC1,
RbCl, and CsCl as a function of the normality of the seeding
solution. The seeding solutions were prepared and checked,
using known electrolytic conductivity data, against values
determined by immersing the probe in the electrolyte. This
also served as a calibration for the probe (Fig. 6).

Constant oxygen, hydrogen, and seeding flow rates were
held in order to retain constant flame conditions. The
seeding rate was determined by weighing the atomizer and
leads before and after a run of known duration. The flow
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Fig. 6 Probe calibration curve.
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Fig. 7 Flame conductivity data.

rates of 02, H2, and Cs were measured to be 0.62, 1.00, and
3.0 X 10 ~4 mole/min. (The seeding solution also added
8.3 X 10 ~3 and 3.0 X 10~4 mole/min of H20 and Cl, respec-
tively, to the combustion products.) The concentration of
Cs in the flame was therefore 7.5 X 1014/cm3.

It is to be expected that the alkali content is divided in
some way among the salt form (including droplets of the
solution which might not completely evaporate), molecular
and atomic forms, and ionized state. The latter state is the
principal contributor to the electron concentration of the
flame, which is in turn proportional to the electrical con-
ductivity. A competing mechanism is the attachment of
electrons to OH, Cl, and other electronegatives, rendering a
portion of the electrons unavailable for the conduction of
current. Thus, conductivity is indicative of the number of
free electrons and is, in fact, a measure of this quantity if the
electron collision frequency is known.

The dependence of the measured flame conductivity on
normality of the seeding solution, shown in Fig. 7, exhibits
the general behavior expected of a gas in thermodynamic
equilibrium. In particular, the data verify the simple form
of the Saha equation for low electron concentrations in a
plasma, that is, ne = ns

l/2Fs
ll2(Vs,T), where ne and ns are

the electron and total alkali concentrations and F8(VS,T)
is a function depending only upon gas temperature T and the
ionization potential Vs of the alkali. The linear correspond-
ence of conductivity to the one-half power of normality is
evident in Fig. 7. Moreover, F9

1/2(Vg,T) is an exponentially
decreasing function of ionization potential whose general form
of e~eVs/2kT is qualitatively verified by the spacing of the
curves for various seeding materials.

Microwave transmission diagnostics in the range of 70 to 90
kMc/sec were employed to obtain an independent measure-
ment of electron density in the flame, to serve as a basis for
comparison with the conductivity data obtained with the
probe. An approximate measure of the product of electron
density and collision frequency was obtained using the
method of Belcher and Sugden,3 that is, by detecting the
attenuation coefficient. Horns with dielectric lenses were
used to focus the microwave radiation through the flame
center at 3 in. above the burner, and the attenuation was
measured.

A great deal of scatter occurred in the microwave data, the
largest divergence from the mean value being about 50%.
A mean value of attenuation of 0.77 db/cm at 83 kMc/sec
was found for the standard flame conditions employed and
with a seeding solution of 2N CsCl. According to the theory
of Ref. 3, this corresponds to an electron density of 2.2 X
1012/cm3 if the collision frequency is taken to be 2.6 X 1011/
sec.5 These values correspond in turn to a d.c. conductivity
of 0.24 mho/m, whereas the value measured by the probe
under the same flame conditions is 0.27 mho/m. Although

this agreement is perhaps fortuitous, the value of conductivity
obtained from the microwave measurements is probably in
error, due to scatter in the data and uncertainty in the flame
diameter, by no more than a factor of 2.

Values of electron density were calculated using the Saha
equation and compared with values obtained from the
conductivity probe data using a = nee2/mvc, where e = 1.6 X
10~19 coul, m = 9.1 X 10~31 kg, and vc = 2.6 X 10" sec"1.
The Saha equation predicted, in the case of each seeding
material, a considerably higher degree of ionization than was
measured. This discrepancy appeared to depend on the
ionization potential of the seeding agent, increasing as the
ionization potential decreased. Also, the spacing of the
curves for various seeding materials was less than that pre-
dicted by the Saha equation. The same effects were ob-
served by Smith and Sugden6 in their microwave transmission
measurements of electron density in an alkali-seeded hydro-
gen-air flame.

It is to be expected that the value of conductivity obtained
from the probe measurement should be smaller than the
maximum value in the flame. This follows from the con-
sideration that the probe is calibrated in a volume that is
large in comparison with the probe coil dimensions, whereas
the flame is not as thick as the full diameter over which the
probe dissipates power.

The possibility of error in the conductivity probe measure-
ments due to the existence of electrical sheaths may be dis-
counted. Since the surface of the probe is an insulator and
there is no net current from the plasma to the probe, a space-
charge (Debye) sheath of approximate thickness

\D = (eQkTe/e*ney*
will surround the probe. For the conditions of the flame
measurements, \D has a value of about 3 X 10 ~4 cm, whereas
the distance over which the rf field interacts with the flame
is of the order of 1 cm. Therefore, the effect of the sheath
on the probe measurements should be insignificant. This is
true also of the glow discharge data mentioned previously,
where \D was about 10~2 cm.

A few conclusions that can be inferred from the preliminary
conductivity probe data reported here are that a good measure
of conductivity is obtained, that the conductivity increases
as the one-half power of the normality of the seeding solution
(as predicted by the simple form of the Saha equation), and
that the most important spurious effects are eliminated except
that due to the small size of the flame.
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