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Operating Characteristics of a 60- and 10-cm Electric
Arc-Driven Shock Tube—Part I: The Driver

Surendra P. Sharma* and Chul Park*
NASA Ames Research Center, Moffett Field, California 94035

This is the first part of a two-part paper describing the operating characteristics of the electric arc-driven
shock-tube facility at NASA Ames Research Center. In this part, the operating envelope of the facility and the
technology of the arc driver are presented. Specifically, the question as to how well the behavior of the arc driver
is understood and controlled is addressed. A plasma kinetics model of the exploding wire is developed to
describe the arc behavior in the driver. Using this model, the performance parameters for the arc driver, and
thereby the performance of the facility, can be predicted approximately.

Nomenclature
Ad = cross-sectional area of driver, m2

Aw = characteristic constant of the metal
a = speed of sound
C = capacitor bank capacitance, F
Ce = mean thermal velocity of electrons, \/8kTe/Trme
Cv - specific heat of trigger wire
D = diameter of the driver
Da = diameter of the arc column
E = electric field intensity, V/m
EI - ionization potential
e = electronic charge
Gr = Grashoff number, p2g^TD3/(^T)
g = Earth gravitational acceleration
/ = total current, A
Ia = arc current, A
/w = current in trigger wire, A
je = electric current density in gas phase, A/m2

jt - electric current density due to thermionic emission,
A/m2

Kf = forward (dissociation or ionization) rate coefficient,
cm3 mole"1 s"1

Kr = recombination rate coefficient, cm6 mole"2 s"1

k = Boltzmann constant
La = arc inductance, H
Lx = external inductance, H
me = electron mass
mw - mass of trigger wire
Nu = Nusselt number
na = number density of neutral atoms, m~3

ne = electron number density, m~3

P = gas pressure
Pr = Prandtl number
q = heat transfer rate, J/m s
Ra = arc resistance, 12
Rw = resistance of trigger wire, Q
Rx = external resistance, Q
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T = gas temperature, K
Te = electron temperature, K
Tw = trigger wire temperature, K
Va = arc volume, m3

Vd = driver volume, m3

a = degree of ionization or dissociation
e = internal energy of the gas per unit mass
evv = internal energy of the trigger wire per unit mass
7 = specific heat ratio
Xw = work function of trigger wire
K = thermal conductivity
fjL = viscosity
ves = collision frequency of electrons for collisions with

species "5", s"1

p = gas density, kg/m3

a = plasma conductivity, mho/m

Subscripts
a = arc
e = electron
s = shock layer
t = thermionic emission
w = driver trigger wire
x = external
1 = initial driven-tube condition
2 = behind the primary shock
4 = initial driver condition
5 = reflected shock
oo = test section

I. Introduction

I N recent years, interest has been aroused to understand the
nature and effects of high-temperature real-gas phenomena

occurring in the flow around hypersonic vehicles. At flight
Mach numbers above about seven, portions of the airflow
around a vehicle are sufficiently hot to produce vibrational
relaxation, dissociation, and even ionization. The heat-trans-
fer measurements conducted on the surface of the heat-shield
tiles of the Space Shuttle demonstrated that the airflow
around the vehicle is substantially dissociated, and that the
heat-transfer rate to the surface can be reduced by using a
material noncatalytic to dissociated species. The impact of
such real-gas effects on aerodynamic forces such as lift, drag,
and moments is not yet clear. However, there is at least some
reasonable basis to suspect that the real-gas effect is responsi-
ble for the anomalous pitching moment encountered during
the entry flight of the Apollo1 and the Space Shuttle vehicles.2

Motivated by such interests, considerable effort has been
expended in recent years to numerically compute the real-gas
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Fig. 1 NASA Ames 60- and 10-cm electric arc-driven shock-tube
facility. The tube at the center is the temporary setup for testing the
aluminum driven tube.

flows around a vehicle. Accuracy of such calculations is as yet
virtually unknown. Unlike for the perfect gas, there are still
many physical constants that are unknown for high-tempera-
ture real gases, even though a great deal has been found
through theoretical computations.3'4 Thermochemical models
describing the phenomena and the numerical algorithms used
for the computation also contain many uncertainties. For
these reasons, it becomes desirable to conduct an experiment.
Such experiments can provide the needed physical constants
and verify the validity of the thermochemical models and the
computational algorithms used.

The question of how to simulate the real-gas flows and how
to diagnose them has been addressed in a recent paper by the
present authors.5 The paper points out, among others, that to
meet the current and expected future needs it is necessary
to 1) test low-density nonequilibrium flows in suborbital to
super orbital velocities, and 2) produce high-enthalpy flows in
chemical equilibrium in the test section of a hypersonic wind
tunnel. Usefulness of various experimental facilities on these
two fields of application is discussed in the earlier paper. The
present two-part paper is a sequel to that paper and focuses on
the usefulness of an electric arc-drive shock-tube facility to-
ward these goals. One such facility has been in existence since
the 1960s at NASA Ames Research Center. The operating
characteristics of the facility charted during the initial phase of
its operation are described in detail by Reller,6 but the preced-
ing two issues were not addressed therein.

In part I of this paper, we present the envelopes of opera-
tional performance of the facility and the status of the tech-
nology of the arc driver that controls the performance. The
arc-driver technology is based on the numerical predictive
capability developed recently, with which the behavior of the
arc is calculated using the plasma kinetic theory for an explod-
ing wire.

II. Performance Envelopes
Shock tubes are unique in producing homogeneous high-

temperature gas samples heated to an enthalpy and pressure
calculable and selectable from the state of the undisturbed gas
and measured shock velocity. In order to study the high-tem-
perature phenomena accompanying hypersonic flights, the
speed of the primary shock wave must be large. The shock
speed is dictated mostly by the speed of sound of the driver gas
#4- For an infinitely large pressure ratio (the ratio between the
pressure of the driver gas to the pressure of the driven gas), the
shock speed Us is determined by7

hydrogen or helium and raising the temperature of the driver
gas by heating. The commonly used methods of heating are 1)
warming the gas using an electrical heater8; 2) combustion of
hydrogen with oxygen, diluted by either hydrogen or helium9;
3) adiabatically compressing hydrogen or helium using a pis-
ton10; and 4) by discharging an electrical current through the
driver gas.11"15 There is an extraordinary method of producing
extremely high shock speeds using high explosives,16 but this
method destroys almost all hardware in each run and cannot
be considered in a laboratory facility.

In the first method, the maximum temperature of the driver
gas is limited to about 700 K. In the second method, the gas
temperature can reach about 2500 K. But the oxygen in the
driver gas needed for the combustion raises the average molec-
ular weight. In the third method, one can heat either pure
hydrogen or helium driver gas to nearly 3000 K, thus produc-
ing a stronger shock than the first two methods. The piston
compression occurs over a relatively long period of time (sev-
eral hundred milliseconds), and therefore, at temperatures
above 3000 K, the materials of the driver tube and the piston
begin to melt and ablate. In the fourth method, electrical
discharge heats either hydrogen or helium to a temperature of
about 8000 K for hydrogen and about 20,000 K for helium
without causing melting or ablation of the materials, because
the discharge time is very short. The maximum temperatures
are set by the onset of ionization and accompanying energy
loss by radiation. Thus, an electrical arc-driven shock tube
operating on this principle produces the highest shock speed.

The electric arc-driven shock-tube facility at NASA Ames
Research Center consists of one driver system and two parallel
driven tubes. One is a 10-cm i.d. tube 12 m in length, and the
other is a 60-cm i.d. tube 21 m in length, both made of
stainless steel (Fig. 1). The driver can be operated in two
configurations: 1) a 17.7-cm conical drive configuration with
a 10.16-cm exit (driver volume = 632 cm3), and 2) a variable
length (34-137 cm) 10-cm i.d. cylindrical configuration (driver
volume = 2669-10,752 cm3). The length of the cylindrical
drivers can be varied by using a Lexan filler plug. A schematic
of the cylindrical driver is shown in Fig. 2. The current collec-
tor ring consists of two coaxial copper cylinders. The outer
cylinder flanged to the driver tube is electrically grounded,
whereas the inner cylinder is connected by a copper spring
contact plate to the main electrode. The high-voltage electrode
has a hollow core through which a rod extends back to the
piston of a pneumatic solenoid. The solenoid actuates the
trigger. Several different materials have been used for the
trigger wire, but most of the tests have been made with tung-
sten wire. The trigger wire is extended along the length of the
arc chamber to the ground plate (Fig. 2). When the slack wire
is drawn to the high-voltage electrode, the current flow is
initiated. The thermionic emission from the trigger wire helps
ignite the discharge.17'19

Energy to the driver is supplied by a 1.24-MJ, 40-kV capac-
itor energy-storage system. The six-tier capacitor bank has 220
capacitors. By using different combinations of series-parallel
connections, the capacitance of the bank can be varied from
149 /xF to its maximum value of 6126 ^F (1530 /*F for 40-kV
operation). Nominal total system inductance exclusive of the
load (arc) is 0.26 juH, and the resistance is 1.6 mfl.

COAXIAL CABLES
TO CAPACITOR
BANK FIBERGLASS
BANK - COTTON L,NER

THREAD
SHOCK
TUBE

us=-
74-1

where 74 is the ratio of specific heats. To increase #4, one can
reduce the molecular weight by using a light gas such as Fig. 2 Schematic of the cylindrical driver.
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Current waveforms are recorded during each discharge. The
shock velocity is computed by recording the time of shock
arrival at various locations along the length of the tube, using
conductivity probes and digital counters.

Using the two different driven tubes, by varying the driver/
driven gas combination, driver charge pressure, and preset
capacitor bank voltages, shock velocities in the range of
3.0-50.0 km/s have been obtained. The following is a list of
the ranges of operating conditions:

1) Driver charge pressure: 1.0-27.2 atm
2) Driven tube initial pressure:

(i) 60 cm tube: 0.01-10 Torr
(ii) 10 cm tube: 0.1-760 Torr

3) Driver gas: H2, He, N2, H2/Ne
4) Driven gas: Air, H2, O2, Ne, Kr
5) Capacitor bank:

(i) Voltage: 16.0-38.0 kV
(ii) Capacitance: 149-6126 /*F

The diaphragm is made of mylar 0.35-0.50 mm in thick-
ness. It is ruptured due to the rise in pressure within the driver
during the capacitor discharge. There is a time lag of 20-40 ps
between the instant the breaking pressure is reached (approx-
imately 11.5 atm for a 0.35 mm diaphragm), and the instant
the diaphragm is fully open.

A total of 760 runs have been made to date. Of these, 75
runs are shown in Fig. 3. These runs can be classified into
three different categories: 1) air or a gas of similar molecular
weight (argon, carbon dioxide) as the test gas in the 10-cm
tube, 2) air or a gas of similar molecular weight as the test gas
in the 60-cm tube, and 3) hydrogen as the test gas in the 10-cm
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Fig. 3 Measured shock velocity vs initial driven-tube charging pres-
sure PI.
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Fig. 4 Measured test times in air vs shock velocity in the NASA
Ames facility compared with those in other facilities.3-5

Fig. 5 The time record of electrical current through the driver dis-
charge system compared with the theoretical calculation, with the
conical driver, nitrogen as the driver gas, with capacitor setting of
capacitance C = 861.3 ftF, voltage = 23 kV, (charging energy = 223
kJ), external inductance Lx = 0.212 ^H, and external resistance
Re = 1.6 mil.

tube. These three classes of operations occupy different re-
gions in the velocity-pressure plot in Fig. 3.

Air runs in the 10-cm tube were made mostly at high charg-
ing pressures and were made for hitherto unpublished pur-
poses connected with national defense. Some of the runs in the
10-cm tube with a heavy (not hydrogen) gas have been made
also for the study of gasdynamic lasers20 and for the purpose
of studying radiation characteristics of the flow around an
entry vehicle known as the Galilleo Probe, which will enter the
atmosphere of the planet Jupiter.21 The runs in the 60-cm tube
were made mostly for the Galileo Probe. All of these runs
have been made with the driven-tube charging pressure of few
Torrs or higher. The hydrogen runs in the 10-cm tube were
made at around 1 Torr, and were for the purpose of studying
the radiative characteristics of the gas in the flow regime
expected also of the Galileo Probe. As seen in the figure, the
hydrogen runs produced shock speeds of up to about 50 km/s.
At such high speeds, the pressure behind the primary shock
was of the order of few atmospheres. Therefore, except in the
region immediately behind the shock (for about 0.5 /is), the
hydrogen flow tended to be in equilibrium. Test times
recorded for shock-tube runs in air using various drivers and
driver gases are shown in Fig. 4. As seen in the figure, the
facility produces test times that are at least comparable to
those obtained elsewhere.11'14'22

Most previous test runs in the facility were made with a
driven-tube charging pressure that produced an equilibrium or
near-equilibrium condition behind the primary shock. As
mentioned in the Introduction, there is a need for producing
low-density nonequilibrium flows. For this reason, tests have
been made in the recent months with low charging pressures,
that is, with P\ values between 0.01 and 1 Torr, in both the
10-cm and 60-cm tubes, producing shock velocities in the
range of 5-15 km/s.

III. Arc Driver
Figure 5 shows records of the electric current during a

discharge for three runs. As the figure shows, current rises at
first with a steep gradient for about 40 ^s, falls and reverses,
and reverses again and again. That is, the system rings. During
the period of negative current, the electrodes of the capacitor
are exposed to a negative voltage. The diaphragm begins to
open at around 20-^s and is fully open at around 50-/xs. Thus,
even after the diaphragm is open, the electric discharge contin-
ues. Time-dependent calculation of the shock-tube flow shows
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that the electric discharge after the diaphragm opening con-
tributes very little to raising the velocity of the primary shock
wave in the driven section. Therefore, for an efficient use of
the driver system, the electric energy should be deposited into
the gas with a steepest possible rise time, before the diaphragm
opens.

In a capacitor storage system of this type, the current rise
time strongly depends on the impedance of the gaseous dis-
charge column in the driver. The impedance is determined in
turn by the driver dimensions and driver gas parameters such
as the type of gas (atom or molecule), density, charging pres-
sure, ionization potential, or the specific heat.

Understanding the electric discharge characteristics of the
driver is important for two reasons. First, in order to produce
a new driven-gas condition not produced in the past, one
would like to know how to configure the capacitor banks and
what voltage to charge the system. To select these parameters,
the relationship between the gas properties and the electrical
discharge characteristics must be known. Second, one would
like to minimize the negative voltage on the capacitors, be-
cause usually the insulation in the capacitors between the two
electrodes tends to be weakened by the application of high
negative voltages.

Efforts have been made in the past to understand the dis-
charge phenomenon theoretically. References 12 and 15 show
how the knowledge gained by such efforts contributes to im-
proving the performance of the facility. However, the past
efforts have concentrated mostly on the electric characteristics
external to the arc discharge. For this reason, a theoretical
model is developed in the present work utilizing plasma kinet-
ics theory to characterize the behavior of the arc discharge in
the driver. The driver gas is assumed to be helium, the most
frequently used gas. The electric discharge is envisioned to
occur in the following two phases.

Pre-Explosion (Phase 1) Period
Prior to the explosion and vaporization of the trigger wire,

named the phase 1 period, electrical current passes mostly
through the trigger wire. Temperature of the trigger wire rises
by ohmic heating. Defining ew as the internal energy of the
wire, Iw as the current through the wire, and Rw as the resis-
tance of the wire, the temperature rise is described by

(1)

where ew = mwcvTw. This Joule heat is eventually transferred
into the gas. The temperature rise in the gas due to this heating
causes ionization of the gas, turning the gas into a plasma, and
thereby allowing a portion of the electrical current to pass
through the plasma. The internal energy of the gas e = (3/2)
(1 + a)RT + Efa obeying the equation

due to an electric field is called the Schottky effect. The
resulting current is given by23

'0.4389VIr

Jt =.//o exp

The density of the electrons produced by these thermionic
phenomena net can be calculated from the relation jt = enetCe.
The rate of change of the electron density produced by the
thermionic emission can be written as

dnel 1 d/,
dt ~ eCe dt

Once electrons are produced by the thermionic processes, they
produce more electrons through the gas-phase collisional ion-
ization process, provided the (electron) temperature is suffi-
ciently high, and are removed partly by the collisional recom-
bination process. Therefore, the rate of change of electron
density is a sum of that due to the thermionic emission and
that due to the gas phase reactions in the form

(3)

The recombination rate coefficient for helium is obtained
from Ref. 24, and the ionization rate is deduced from the
recombination rate through the use of the detailed balance
relationship (Saha equation).

The electron temperature Te appearing in Eqs. (1-3) is gov-
erned by the electron energy conservation equation25

£(>^)=,, .**,a(T.-T)-E,% (4)ms dt

The collision frequency for the positive ion is given in terms of
the well-known Coulomb cross section.25 It is also well known
for the neutral helium atoms.26 Neglecting the mobility of
ions, the current through the plasma is assumed to be due to
the motion of electrons. The electron current density je is in
turn governed by the electron momentum equation

nee (5)

The total current / in turn is governed by the equation of its
conservation (Fig. 6)

d2/ d/ d/

(6)

(2)

The electrical field strength E is related to the current via the
Ohmic law applied to the trigger wire, as E = IWRW/1, where /
is the length of the trigger wire. The current through the
trigger wire can be expressed in terms of the total system
current / as Iw = (/ — AJe).

Ionization of the gas is caused first by the boiling of free
electrons from the surface material in a process called
thermionic emission. It is customary to characterize this phe-
nomenon in terms of the thermionic emission current density
y,o given by22

In the presence of a strong electrostatic field, the number of
electrons drawn out of the metal surface further increases.
This intensification of the thermionic emission phenomenon

DIAPHRAGM

Fig. 6 Schematic of the exploding wire and plasma heating in the
driver.



JULY 1990 ELECTRIC ARC-DRIVEN SHOCK TUBE-PART 1 263

These six ordinary differential equations, augmented by the
equation of state and the relationship between the wire resis-
tance Rw and the wire temperature Tw, completely specify the
evolution of the properties during the first phase. The six
unknowns are ne, Te, je, T, Tw, and /.

The final values of the plasma parameters at the point of
explosion, as computed in this period, are used as the initial
conditions for the next postexplosion period.

Postexplosion (Phase 2) Period
At the beginning of this phase, it is assumed that the trigger

wire has exploded and vaporized instantly. As the initial condi-
tions show that the plasma is highly conducting, an arc forms
as a result. The phenomena of arc formation is a complicated
process and is not very well understood. It is widely believed
that an arc is initiated by the overheating of electrodes and
consequent onset of thermionic emission from the electrode
material. The arc current is thought to be dependent on the
electrode geometry, ionization potential of the discharge gas,
and the gas pressure. For simplicity, in the present model the
following empirical relationship for the arc current has been
assumed27

. r
[l.66xl04

-1.35

(7)

where P is the pressure in atm. The arc is considered to have
a cylindrical shape with a diameter Da, so that the current
through the arc becomes Ia = (^D2/4)jea, where jea is the
current density in the arc column. Since the arc conductivity is
very high, the increase in conductivity due to the vaporized
trigger wire material is neglected.

Since both the arc region and the surrounding gas are
plasma in nature, gas-phase conservation equations similar to
those in the first phase separately govern the properties of
both these regions. The rate of change of the electron number
density in the surrounding plasma is given by

—- = Kfnane - Krn] (8)

Electron energy equation and momentum equation for the
surrounding plasma are written as

m

dje

—— ' ,.(T.-T)-E, (9)

(10)

Three equations identical to Eqs. (8-10) are written for the arc
column.

In writing the total energy equations for this period, it is
necessary to account for the heat transfer from the arc to the
surrounding plasma, because, unlike in the first phase, the
diameter of the arc is fairly large and so the heat transfer is not
instant. The heat transfer from the arc column to the sur-
rounding gas occurs mostly via the convection due to buoy-
ancy and can be written in the form

q = - Ta)

The Nusselt number for this buoyancy-controlled case can be
determined in turn assuming the arc column to be a horizontal
cylinder, leading to27

Pr2

Nu = 0.53 Gr
0.953 + Pr J

The Prandtl number is taken to be 0.7. The losses due to the
radiation from the arc column are negligible. The rate of
change of the internal energy within the arc can now be written
as (Fig. 6)

(11)

The rate of change of the internal energy in the surrounding
gas becomes

d
—dt

rD2-D2
peajeE + q (12)

The arc diameter Da and the arc voltage E are determined
from the dependent variable in Eq. (7) and from the current
and current density relationship. The internal energy of the
gas e is determined as in phase 1.

The total current is expressible now as

Since most of the electric current passes through the arc, one
can approximate the second derivative of / as

d2/ ^ d2/,
d/2 ~ dt2

Using this approximation, the conservation of electrical cur-
rent can be written as (Fig. 6)

where Ra = 1.0/(xD2afl/4/), with aa as the arc conductivity
calculable from well-known expressions.20 The arc inductance
is determined by La = 1.0 x 10~7 [0.5 + log,0 (D/Da)]. There

io5 1019

io2

Fig. 7 Computed electrical and plasma parameters for the conical
driver for the period before the explosion of the wire (phase 1), with
helium as the driver gas at a pressure of 9.2 atm. The trigger wire is
made of tungsten, 0.25 mm in diameter and 0.33 m in length.
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Fig. 8 Comparison between the measured shock velocities and the
shock velocities calculated using the present plasma kinetic theory for
the driver heating, with helium as the driver gas.

are now two sets of four differential equations describing the
plasma properties for both the arc and the surrounding region
with two sets of unknowns: electron number density, electron
temperature, current density, arid gas temperature. One addi-
tional equation [Eq. (13)], describing the total electrical cur-
rent, makes a total of nine ordinary differential equations with
nine unknowns: net Te, je, T, nea, Tea, jea, Ta, and /. The results
of the calculation in the first phase are used as the initial
conditions for the calculation for the second phase.

These resulting differential equations are found to be nu-
merically very stiff. These equations are integrated using the
stiff equation solver DGEAR28 in the International Mathe-
matics and Statistics Library (IMSL).29 Figure 7 shows the
computed electrical parameters during the first phase. As the
figure shows, the system current /rises rapidly during the first
0.1 us to a value of 3.67 kA and remains constant until the
trigger wire explodes. This value is about 0.5% of the peak
current achieved in the second phase (Fig. 5). This period of
low constant current is referred to commonly as the dwell time
and has been widely observed in the experiments. During the
first 2.5 )its of the first phase, an electron avalanche occurs and
the electron number density increases from almost zero
to ~ 1013 m"3. Then the increase in the electron number den-
sity slows down, but the plasma current density still keeps
growing at an ever so fast rate, reaching a value of ~ 104 A
m~2 at t = 7.0 JJLS. At / = 7.4 pis, the temperature of the trigger
wire reaches 4()00 K and the wire explodes and vaporizes. By
this time, the gas temperature has reached 8000 K. This con-
cludes the first phase.

In the second phase an arc is initiated and a major portion
of the current is drawn by the arc. A typical solution for the
second phase current is shown in Fig. 5 (solid curve). The
solution is obtained for the 0.177-m conical driver with the
bank capacitance of 861.3 /xF, bank voltage of 23,000 V, and
the driver gas pressure of 9.2 atm. The computed values have
been found to be in close agreement with the experimental
results (symbols).

Once the arc current and voltage transients in the driver are
computed, using the energy input, a one-dimensional gasdy-
namics code is used to compute the shock velocity in the
driven section. Figure 8 compares the computed and measured
shock velocities. The computed results seem about 1% higher
than the experimental results.

The present calculation techniques enable us to select proper
driver operational parameters and predict the shock-tube per-
formance. Presently, using the constructed model, design of
an electric arc driver, with an energy capacity higher than the
present driver, is being considered.

IV. Conclusions
The plasma kinetic model considers the plasma heating in

the arc driver to occur in two phases: 1) pre-explosion, and 2)
postexplosion periods. The pre-explosion period lasts typically

for 7-10 jus and is primarily responsible for the production of
electrons, thereby increasing the plasma conductivity. The gas
temperature is also increased to 8000-10,000 K. During the
postexplosion period, the plasma draws high currents
(~ 8 x 105 A), and the plasma heating process speeds up.
Because of the plasma and external impedance, current oscil-
lations typical to LCR circuits are observed. The one-dimen-
sional code using the electrical data from the plasma kinetics
model predicts about 1% higher velocities than that recorded
during actual experiments. The production of radial shock
waves in the driver should be taken into account in future
models for better agreement between theory and experiments.
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