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An experimental
investigation
of the effect of applied
electrical
field, static temperature,
static pressure
and seed concentration
on the electrical
conductivity
of air and nitrogen
plasmas under high-enthalpy
conditions
was performed
using a detonation-driven
shock
tube and a conductivity
measurement
channel.
A pulse of plasma of about 0.5 ms duration
flowed past the channel.
The conductivity
peaked toward
the middle
of the pulse and
decayed toward the contact surface that arrived shortly thereafter.
The measurements
are
compared
against values obtained
using the Chemical
Equilibrium
Code. Plasma pressures
were 10 and 20 atm while temperatures
ranged from 1800 to 3600 K. The observed rise of
conductivity
with temperature
for the seeded air plasma is flatter than theoretical
results.
Also the observed
values of conductivity
are considerably
lower than theoretical
values.
At 10 atm, the measured
conductivities
are lower than theoretical
values by a factor of
5 to 13. However,
the measured
peak conductivities
at 20 atm tests are considerably
higher than theoretical
values. The higher observed conductivities
at 20 atm suggests that
joule heating
may be important.
Alternatively,
this may be due to non-equilibrium
of the
plasma.
Similar results were found in nitrogen
plasmas.
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HERE is recent interest in exploiting weakly ionizT
ed gas flows for aerodynamic applications. Examples of potential applications include MHD accel-

channel
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erators for hypervelocit
facilities,l~~ MHD generators
for power extraction,3- B and hypersonic flow control.6
These applications require improved understanding of
the conductivity of high-pressure, high-speed plasmas,
a topic which is not well studied in the past. A critical requirement for all of these applications is that the
plasma must be sufficiently conductive. Therefore, an
understanding of the flow properties such as electrical conductivity, electron density and current discharge
characteristics is needed in order to develop the aforementioned technologies.
Specifically, an approach for achieving high enthalpy
in aerodynamic facilities is to ionize air by using a small
amount of alkali salte2 Such a facility utilizes an MHD
channel to accelerate the weakly ionized air to hypervelocity conditions in order to provide true simulation of
inlet conditions.7 The use of an MHD accelerator is expected to minimize nonequilibrium effects in the flow.
The success of this facility concept hinges critically on
understanding the electrical behavior of high-pressure
aerodynamic plasmas. While previous experimental
studies were limited to pressures of about 0.5 atm,s”
the present need is for data at higher pressures. Experimental data are needed to validate theoretical models for calcdlating the electrical conductivity of seeded
plasmas at high-pressure levels. The data would also
help in understanding the electrical breakdown characteristics of high-pressure plasmas subjected to intense
electric fields.
To support the hypervelocity facility development, an
experimental program was initiated to obtain an understanding of high-pressure plasma flows. The objective
of this program was to determine the conductivity of
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Figure 1: Schematic of detonation-driven

contain Matheson Series 6103 flash arrestors for added
safety. The behavior of the detonation wave was monitored by four wall-mounted pressure transducers.
The driven tube was made of type 304 stainless steel
tubing. It had a bore of 41.2 mm (1.62 in) and it was
9 m (30 ft) long. The tube had a pressure rating of 19
MPa (2800 psi). The detonation-driven shock tube was
designed for operation in the non-reflected mode. Thus
the driven tube was designed for a lower pressure rating.
This combination of driver and driven tube produces a
driver-to-driven tube area ratio of 14.7 which provides
an additional improvement in perf0rmance.i’
The pneumatic system consisted of a Hsskell Model
55696 two-stage gas-driven booster pump capable of
charging the driver section to 41.3 MPa (6000 psi).
The Haskell pump was connected to an air compressor system, consisting of a Clark CMB-6 5-stage air
compressor, a twin-tower desiccant drier, and 14.5 MPa
(2100 psi) storage bottles. Alternatively, the Haskell
pump could be fed from a manifold of 15.2 MPa (2200
psi) helium bottles. The vacuum system consisted of
a Sargent-Welch Model 1376 (300 l/min) pump and a
Sargent-Welch Model 1396 (2800 l/min) pump for evacuating the driven tube.

shock tube.

lightly-seeded air and nitrogen plasmas at different enthalpy conditions. The data were compared with existing theoretical models.
Experiment
Facility

An exist in shock tunnel, upgraded with a detonation driver, f II and operated as a high-performance shock
tube was used to generate the test flow. The converted
facility is shown schematically in Fig. 1, while a performance map of the detonation-driven
shock tube is
shown in Fig. 2. The maximum pressure and temperature achieved are 34 atm and 4200 K, realizing true
hypervelocity stagnation conditions. The facility and
experimental techniques are briefly described here, and
more details can be found in Refs. 5 and 10.
The driver section had a bore of 152.4 mm (6 in.) and
a length of 3 m (10 ft), The detonation section also had
a bore of 152.4 mm (6 in.) but was 8.23 m (27 ft) long.
Both tube sections were rated for a pressure of 41.3
MPa (6000 psi). These two tubes were separated by a
double-diaphragm section. The diaphragms were made
from 10 or 12 gauge (3.42 or 2.66 mm) steel plates.
The detonation and driven sections were separated by
a thin mylar diaphragm. The detonation section could

Conductivity

Channel

and Power

Supply

Electrical conductivity was measured in a channel connected to the end of the driven section, following Garrison’s designs The conductivity measurement channel
consisted of a pair of powered electrodes and 20 probe
electrodes separated by insulators. The electrodes were
made of oxygen-free copper with an electrical resistivity
of 1.69 ,&cm at 300 K. The electrodes had the same
inside diameters as the driven tube, with outside diameters of 139.7 mm (5.5 in.). The powered electrodes were
9.53 mm (0.375 in.) thick and they provided an axial
electrical field to the flow by discharging a capacitor
bank. The 20 electrodes were 3.18 mm (0.125 in.) thick
and were used for measuring the voltage drop along the
channel. Insulator rings with the same radial dimensions were made from 1.59 mm (0.0625 in.) thick teflon.
The total length of the measurement channel, including the powered electrodes, the probe electrodes and
the insulators, was 115.9 mm (4.563 in.). The channel
dimensions were used to size the power supp1y.i’ Lexan
tubes of 152.4 mm (6 in.) length were mounted on
both ends of the conductivity channel to isolate it electrically from the shock tube. As will be subsequently
described, the voltage gradient across the 20 probe electrodes was fairly uniform. Thus, the channel yielded a
radially averaged conductivity measurement. A capacitor bank, with inductors arranged in a pulse-forming
network, delivered the potential across the plasma. It
was designed for a maximum charge voltage of 8 kV.
The conductivity channel was wrapped in two sheets
of teflon and the subassembly was placed in an aluminum containment structure. This structure extended
beyond the ends of the conductivity channel to encase
the lexan rings. The containment structure was built to
prevent tensile failure of the teflon insulator rings when
subjected to peak internal pressures of 10.4 MPa (1500
psi) during the shock-tube blowdown process. The en-

Figure 2: Performance map.
be filled with hydrogen, oxygen and helium. Hydrogen
and oxygen were injected through separate tubes for
safety purposes. Helium and purge air were injected
through the oxygen line. Air, initially in the detonation section, was evacuated through the hydrogen line.
After a successful or aborted run, the detonation products were vented through the hydrogen line. Both lines
2

(c)1999 American Institute of Aeronautics & Astronautics
was used to set the mixture ratio when filling the detonation driver. The Baratron transducer was also used
to provide an initial pressure reading for setting the
PCB transducers. The PCB transducers have a fullscale range of 68.9 MPa (10000 psi), rise time of 2 ps,
and a time constant of 1000 s.
The driven section was instrumented with two PCB
model lllA23 transducers which have a full-scale presSeeding System
sure range of 34.5 MPa (5000 psi), rise time of 2 ,US,
Potassium carbonate with a purity of 99.9 percent in and a time constant of 500 s. These transducers, lodry powder form, with a particle size equivalent to 20 cated upstream of the test section, were used primarily
mesh, was used. It was stored in a glass bottle with a for shock speed determination. Two other PCB transdesiccant to prevent moisture absorption. Nominal seed ducers were either model lllA23 or lllA24,
dependfractions were one percent of potassium by weight. An ing upon the conditions in the driven tube. The model
Acculab Model V-lmg scale, with a resolution of 1 mg lllA24 transducers have a full-scale range of 6.89 MPa
and maximum capacity of I20 g was used to weigh the (1000 psi), a response time of 2 ps, and a time constant
desired amount of seed material.
of 100 s. The four transducers monitored the transient
The seed injection system was designed to inject the conditions in the driven section during a run. The iniseed into the driven tube as uniformly as possible up- tial pressure in the driven tube was also measured by a
stream of the electrical conductivity channel. A chro- MKS model 127A Baratron pressure transducer. This
matography column 86.28 mm (3.937 in.) long, with a transducer has a maximum pressure range of 133 kPa
bore of 11.11 mm (0.4375 in.), was used to hold the (1000 torr). It provided an accurate measurement of
seed. The pressure rating of the column was 4.14 MPa the initial driven tube pressure as well as serving to
(600 psi). The column was sealed by two endpieces initialize the dynamic PCB transducers.
with O-rings and connected to the driven tube by a
The pressures were sampled simultaneously at 100
plastic tube. The plastic tube had a 1.59 mm (0.0625 kHz and recorded with 1Zbit resolution.
In addiin.) bore and a 3.18 mm (0.125 in.) outside diameter. tion to a direct indication of pressures, the readings
It was rated for 3.47 MPa (500 psi). The column was allowed time-of-flight calculations for obtaining detomounted in an aluminum housing which was vibrated
nation or shock wave propagation speeds. The wave
by an eccentrically-mounted rubber wheel driven by a speed provided an important indication of the propersmall motor to reduce seed coagulation.
ties of the detonation wave, primarily that the wave
Two solenoid valves controlled air flow through the had indeed transitioned to a fully-developed Chapmanseed injector column.
The maximum air pressure Jouguet wave. In addition, the wave speed was needed
through the column was set at 276 kPa (40 psi). Dur- for calculating the properties of the flow past the coning seed injection, the outlet valve was opened first, ductivity channel.
enabling the seed to be drawn into the driven tube due
Current and voltages were acquired by the same data
to the vacuum. Then the inlet valve was opened for few acquisition system. Current was measured using a
seconds to allow air to blow the seed material into the F. W. Bell IHAhigh-frequency current sensor which
driven tube. Bench tests of the system indicated that measured the magnetic field generated by the electriabout 10 s was enough to inject the required amount of cal current. This sensor was electrically isolated from
seed material into the driven tube. The injection raised the circuit. It has a response time of less than 1 ps,
the driven tube pressure by less than 6.9 kPa (1 psi).
a frequency response from DC to 50 kHz, and a fullThe seed was injected via a T-shaped nozzle assem- scale range of 5150 A. Linearity is 1 percent over the
bly, with a pair of nozzles, one facing upstream and compensated temperature range of 0 to 75 “C with an
another downstream, aligned with the tube axis. This excitation voltage of &12 VDC. Voltages were stepped
arrangement was a practical way of achieving uniform
down via a divider circuit to match the voltage range
seeding. The nozzle was inserted into the tube from of the data acquisition system.
a cavity in the side of the driven tube by the applied
air pressure. Once the pressure was removed, a spring Data Uncertainty
retracted the nozzle back into the cavity to remove it
from the flow during a run. A higher inlet air pressure The uncertainty of some key parameters are displayed
in Table 1. The initial pressure pr was subject to a high
or a longer injection time resulted in a more uniform
distribution of the seed material. However, the need to degree of uncertainty because the Baratron pressure
control the initial pressure in the driven tube placed a transducer had to be isolated prior to firing the tunnel
limit on both inlet air pressure and seed injection time. to prevent damage resulting from over-pressurization.
Small leaks in the conductivity channel allowed the
pressure to rise by an unknown amount between isoInstrumentation
and Data Acquisition
lation of the transducer and diaphragm rupture. This
The detonation section was instrumented with four did not affect the accuracy of the shock speed measureflush-mounted PCB model IllA
dynamic pressure ments, but adversely affected the ability to precisely
transducers and a MKS model 127A Baratron pres- set the pressure ratio to achieve a desired shock speed.
sure transducer. The Baratron transducer has a max- The uncertainty in average conductivity was due priimum pressure range of 1.33 MPa (10000 torr), and marily to the uncertainty in determining the extent of
the uniform voltage gradient near the power electrodes.
tire conductivity channel assembly was then clamped
at each end by two steel plates, tied together with four
high-strength bolts, and anchored to the shock-tube
thrust stand with high-strength chains. This reinforcement strengthens the axial tie rods which could not
sustain tension during the blowdown process.
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Figure 4: Example of test data: voltage.
Figure 3: Example of test data: pressure. Transducers
7 and 8 are 75.88 cm and 20.16 cm from the upstream
face of the conductivity channel.

in the channel. This phenomenon was not observed at
low currents. The abrupt change in transducer output
at t M 17.3 ms coincided with the start of current flow
in the channel. The transducer readings returned to a
fairly steady level at t M 18.1 ms. This coincided with
the current decaying to near zero.
Figure 4 shows the voltage traces. The top curve is
the applied voltage across the powered electrodes. The
probe electrodes did not sense any voltage until passage
of the ionized flow following the incident shock. The
electrode voltages reached a maximum value in about
20 11sand then dropped due to current flowing from the
capacitor bank. The estimated test time for this case
was about 185 ps. The voltages then rose to a second
peak as the applied voltage from the capacitor bank
increased.

Table 1: Data uncertainty.
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Results
Data

Analysis

All the runs exhibited similar features and the key
features of an example run are now discussed. The
nominal conditions for this example are MS = 7.76,
Tz = 3010 K, p2 = 8.5 atm, VA = 400 V and S = 1 percent. The pressures just upstream of the conductivity
channel are shown in Fig. 3. The shock speed u, was
calculated from time-of-flight measurements of shock
passage past the two transducers. The shock speed, together with initial conditions, enabled the post-shock
pressure pz and temperature Tz to be calculated using TEP, a Microsoft Windows version of the Chemical Equilibrium Code. l6 Previous calibrations indicated
agreement between the measured and calculated values
for pz to within five percent.
It was difficult to ensure repeatability in pl because
the seals between the electrodes and insulators tended
to leak, particularly when pi was low. Thus, an inverse
calculation using the measured value of pz and the measured shock speed was used to obtain pi. This procedure yielded an accurate determination of test conditions for each run, but precluded good repeatability.
Figure 3 indicated unusual behavior at t M 17.3 ms
during which the measured pressure vanished. This was
thought to be due to interference induced in the piezozoresistive pressure transducers from the current flow
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Figure 5: Example of test data: current.
The current peaked at about 17.6 ms, which coincides with the minimum in the applied voltage. This
is shown in Fig. 5. The peak current occurred about
210 ,USafter the estimated time for passage of the contact surface through the conductivity channel. The rate
of current rise was slower than the designed rate and
4
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this was initially thought to be due to an impedance
mismatch between the power supply and the plasma
load. However, a simulation of the transient characteristics of the power supply by Simmons2r indicated
that the current rise time should be lo-20 ps. The estimated rise times calculated during the design of the
power supply were 80-100 ps. Simmons’ analysis suggested that a more probable cause of the slow rise time
is an actual variation in plasma resistance with time.
The plasma resistance variation could be due to the
time required for vaporization, dissociation and ionization of the seed. A second possibility would be the
non-uniform seed distribution in the driven tube. The
residual seed produced measurable conductivity in the
detonation products following the test flow, as indicated
in the figures.
Figure 7: Example of test data:
across the 20 probe electrodes.

voltage difference

because they included extraneous effects such as surface
work functions, voltage drops across the boundary layers, and curvature of current filament lines in the powered electrode region. However, the probe electrodes
did not suffer from such effects and the voltage gradient exhibited linear behavior, as can be seen in Fig. 6.
The average conductivity, displayed in Fig. 8, closely
followed the measured current variation.
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Figure 6: Example of test data: voltage gradient. Circles represent midline of the electrodes.
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The voltage data were reduced to axial voltage gradients at the time of peak current and at the passage
of the contact surface and shown in Fig. 6. The end
effects between the power electrodes and the adjacent
probe electrodes, in the form of higher voltage gradients, are clearly seen. The voltage across the 20 probe
electrodes is shown in Fig. 7. The voltage difference
reached a peak of about 250 V and then dropped to
about 135 V as the current rose to its peak value at
t M 17.6 ms. This trend was in general agreement with
the Nottingham mode1,22 which gives the following relation for the electrode voltage drop

0
17.0

17.5

18.0

-I
18.5

t,ms

Figure 8: Example of test data: average conductivity.
Comparison

The voltage difference then rose, probably due to an increase in boundary layer thickness as the incident shock
wave moved downstream.
The average conductivity between the first and last
probe electrodes can be expressed as

with

Theoretical

Models

Lin et a1.r3 have developed a theory for the electrical conductivity of a singly-ionized plasma. A collision
mixing model was used to determine the effect of temperature on the electrical conductivity at pressures of
about 1 atm. The electrical resistivity can be written as
the sum of the resistivity of two effects, namely, those
due to electron-neutral and electron-ion collisions, as

(2)
where the arguments indicate the transient nature of
the flow. The voltage drops between the power electrodes and the adjacent probe electrodes were neglected

-=

1

gadd

5

(3)
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7
7
.-:
r-5
9

Figure 9: Theoretical conductivity
out potassium seed.
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Figure 10: Experimental and theoretical conductivity
of air at 10 atm with one percent mass fraction of potassium.

Spitzer and Harmi proposed that the electron-ion conductivity could be expressed as

conductivities were lower than the theoretical values,
with the experimental conductivities ranging from 80
percent of theory at low temperatures to 10 percent of
cei = 1.913 x lo4(k;;z3’2
(4) theory at the highest temperatures. Figure 10 shows
that measured conductivities behind the contact surThe quantity kT/e is the gas temperature expressed face were higher than those in front of the contact surin electron volts while A is a parameter equal to the face.
Possible reasons for the discrepancy between experiratio of Debye shielding distance to the impact paramment and theory include boundary layer blockage, joule
eter for 90-deg scattering by an ion. The conductivity due to electron-neutral collisions cr,, can be cal- heating and poor seed entrainment by the flo~.~~ The
culated as a function of the electron density from the boundary layer blockage reduced the core area for curSaha equation. I5 However, the conductivity calculated rent flow. Accounting for the blockage raised the exby this method is believed to be overestimated by 70 perimental conductivity, but was not sufficient at the
percent under some circumstances. Thus, more accu- higher temperatures to account for the discrepancy.
Joule heating was found to raise the temperature from
rate models are definitely needed.
the
front to the rear of the conductivity channel by
The collision mixing model was used by Garrison’ to
evaluate the conductivity of air for a low pressure, MHD about 2 K. Its effect on conductivity was, therefore,
Finally, the poor convection of seed apaccelerator. He obtained theoretical results for the ef- negligible.
fect of temperature on electrical conductivity for pres- peared to be the most plausible reason for the low exsures from 0.1 to 0.5 atm. However, this pressure range perimental values. One indication of this is the presis inadequate for facility simulation of airbreathing hy- ence of current after the slug of test gas has passed.
personic flight. To obtain high-pressure results, the col- The large particle size resulted in settlement to the botlision mixing model was replaced by a chemical equilib- tom of the driven tube between seed injection and run.
rium model,16 modified for electrical conductivity cal- Moreover, the large particle size also required a long
culations by Demetriades and Argyropoulos.17 Results time, of the order of a few ms, for dissociation and ionfor pressures from 1 to 100 atm and temperatures from ization to complete. An estimate of the effective seed
2000 to 4000 K are shown in Fig. 9 for pure air and fraction can be made based on the measured conducfor air seeded with one percent by weight of potassium. tivity in air and in the subsequent flow of detonation
The figure shows that the theoretical electrical conduc- products. The indication is that only 0.025 percent by
weight of potassium was entrained in the test flow, as
tivity of seeded air is two to three orders of magnitude
higher than pure air. Moreover, the electrical conduc- shown in Fig. 10.
The average conductivity for the nominal 20 atm test
tivity increases dramatically with temperature but decreases with increased pressure. The theoretical results runs is presented in Fig. 11. The absolute levels of
indicate that there may be difficulties in achieving ad- conductivity are considerably higher than the theoretical predictions for this set of data. Furthermore, a
equate ionization levels under high-pressure conditions
much flatter trend with increased temperature is obeven with seed.
The average conductivity for air at 10 atm is shown served. There is the possibility of leakage current due
to a breakdown of the insulators cannot be discounted.
in Fig. 10. The data were taken at the peak conductivity and at the arrival of the contact surface at pressures (During this sequence of runs, electrical breakdown ocaround 10 atm, as indicated in the figure. The figure curred due to cracks in the teflon rings.)
A comparison between experimental and theoretialso shows values at 5, 10 and 15 atm obtained using
cal
conductivities for a seeded nitrogen plasma at 10
the above-mentioned theory. In general, the measured
6
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atm is presented in Fig. 12 for temperatures
from 1830
through 3010 K. The flow Mach numbers ranged from
5.49 for the highest temperature
through 7.76 for the
lowest temperature.
Experimental
conductivities
for

seeded nitrogen are higher than for seeded air. The
measured conductivity ranged from 75-85 percent of
theoretical values at higher temperatures
to 2-3 times
of theoretical values at lower temperatures.
Thus, the
phenomenon of electron attachment
by positive oxygen
ions postulated
by Simmons et a1.24 appears to have
some degree of validity.

Figure 12: Experimental
and theoretical
conductivity
of nitrogen at 10 atm with one percent mass fraction of
potassium.
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