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Abstract

A numerical model has been developed, and an
experimental progran wndertaken to improve the
operating characteristics of high power spark gap
switches passing Megawatt average power, with hold-
off voltages of several hmmndred Kilovelts, and
repetition rates above [0C pulees per second, The
model and measurements are being used to widerstand
and prediet the effects of various interrelated
paraneters, including gas flow rate and preszsure,
gap spacing and geometry, recovery voltage and cur-
rent waveform, and pulse repetition frequency. The
numerical model predicts the approrimate dielectric
recovery rate md the grace period required before
gubsequent switching, Chotographie and spectro-
geopic measurements of are properties are deseribed,

I. Introduction

Present and future applications of
Aerospace, shipboard and ground based
pulsed power systems require c¢losing
switches that are more advanced than the
present state of the art. High power
switching devices play a vital role in
power conditioning networks in properly
adapting capacitive storage systems to meet
the reguirements of various locads. A high
power spark gap switch program has been
initiated to meet requirements of a trig-
gered closing switch capable of several
hundred pulses per second. Other switches
also under consideration include Thyratrons,
Ligquid Metal Plasma Valve (LMPV) and Cross-
ed Field c¢losing switches. Design goals
for the present program are given in Table T.

TABLE I. NSWC PROGRAM DESIGN GOALS
{Per Electrode Pair)

2.5 = 5 MW

100 - 300 KV

20 - 50 psec

10 - 100 kiloJoules
50 - 250 pps

Average Power
Holdoff voltage
Pulse Width
Energy per Pulse
Repetition Rate

Recovery Rate > 250 V/usec
Lifetime 10° pulses
Efficiency > 98 percent
Weight, Volume Minimum

A numerical model has been developed
and experimental measurements are being per-
formed to understand and control the inter-
action between the arc discharge and the .,
gas flow in a spark gap switch. Fundamental
research performed at The University of
Michigan, in conjunction with the Naval
Surface Weapons Center, has been coordi-
nated with a parallel =ffort involving de-
sign and fabrication of an improved spark
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gap switch, Design and testing of the
prototype switch is being performed by
Maxwell Laboratories.

II. Related Research

Results of a previous program, con-

- ducted by the RAir Force Aero Propulsion

Laboratory (AFAPL} are directly applicable
to the present study. The AFAPL switch
was developed by Maxwell Laboratories,
Inc.+, and is shown schematically in Fig. L
This spark gap switch consists of two inch
diameter electrodes and is operated with
overvoltage triggering. The electrodes are
made of copper with elkenite (Tungsten-
Silver) tips. Dry air flows radially in-
ward at flow rates up to 150 cubic feet/
minute (CFM) and is exhausted through the
hollow copper electrodes. The gap spa¢ing
{(2) of the electrodes is 0.5 cm. ’

The accomplishments per electrode pair
for the AFAPL program are given in Table IL

TABLE II. AFAPL ACCOMPLISHMENTS
(Per Electrods Pairt)

Average Power 1.4 MW
Holdoff Voltage 20 Kv
Pulse Width * 20 usec
Energy per Pulse 5.6 kiloJoules
Repetition Rate 100 - 500 pps
Gas Flow 150 CFM {Air)

Switch Grace Period ~ 700 usec
Charge Transfer
per Pulse 280 mC
Lifetime 106
Efficiency ~99.7 percent
Weight 30 lbks
Volume 0.63 f£t3
Triggered Overvolting Mode

tTwo~inch OD electrodes made of copper with
Tungsten-Silver tips.

The direction of gas flow as shown in
Fig. 1 was found to be important; reversing
the flow by introducing gas through the
electrodes caused a much slower switch re-
covery. Reversed flow direction caused the
arc discharge to be convected in a direc-

tion of decreasing flow velocity so that

arc transit time through the gap was in-
creased. When the gas is exhausted through
the electrodes, arc velocity increases to-
ward electrode centerline, and the hot gas
is convected at high velocity out of the
switch,



Results of the AFAPL switch tests indi-
cate that the following twelve variables,
listed in Table III, are important in high
power spark gap switch operation.

TABLE III. PARAMETERS AFPFECTING
SWITCH OPERATION

Gas Flow Rate (¢)

Gas Type :

Gas Pressure (P)
Current Pulse [I{t}]
Operating Voltage (V)
Charge Transfer (Q)

Gap Spacing (1)
Electrode Shape
Electrode Material
Grace Period
Recharge Time
Repetition Frequency

The above parameters were found to ke
interrelated, complicating the optimization
of switch performance. Gas velcocity was
found to be one of the most important
parameters. Local velocity depends on flow
rate, electrode geometry, gap spacing and
gas pressure. Maximum pulse repetition
frequency is a function of recharge rise-
time, operating voltage, and grace period
before application of voltage waveform.

The measured restrike rate was found to
decrease if the gas velocity was increased.
Increased restrike rate occurred due to in-
creased charge transfer per shot, rate of
rise of recharge voltage, and a decrease in
grace period. Larger gap spacings actually
increased restrike rate because flow veloc-
ity diminished. It was also found that by
obtaining higher gas velocities by using
smaller diameter electrodes, all other
parameters being fixed, operation at higher
voltages and lower flow rates was possible.

To hold off voltages of 300 XKv, high
gas pressures and/or large gap spacings are
required. For dry air, more than 5 atmos-
pheres pressure are required for gap spac-
ing of 2 ¢cm. EBoth high gas pressure and
the large gap spacing lead to high gas flow
requirements. Increasing the gap spacing
length necessitates increased gas flow in
order to maintain a constant flow velocity
in the gap region. As a result of these
considerations, it can be seen that the
design of a spark gap to be operated at
high repetition frequencies and high volt-
age involves a careful balancing and opti-
mization of several factors. A method cur-
rently considered<¢ to increased holdoff
wvoltage yvet minimize gas flow rate is to
operate several gas coovled spark gaps in
series. Analysis shows this to be more
practical than the increasing gap dimension
% because gas flow rate increases as £3
while holdoff voltage increases propor-
tional to 2.

YII, Numerical Model

buring normal operation of a repetitive
spark gap switch, energy is deposited in
the spark channel by Joule heating during
the conduction cycle. This energy is par-
tially radiated away, partly conducted to
the electrodes, and partly removed by con-
vection. For the switch to function prop-
erly, it is necessary that the dielectric
strength of the gas be restored after each

shot before voltage is reapplied. Other-
wise, the switch will restrike prior to
the next pulse. In order for the dielec-
tric strength of the gas to be restored
be-ween shots, it is necessary to remove
or cool the hot gas generated by the spark.
The electrodes themselves are also cooled
by the gas flow. Gas flow ccoling is
especially important in the operation of
high power repetitious spark gaps.

A numerical model has been developed
which predicts the dielectric strength of
the flowing gas and the trends in restrike
probability as switch parameters are var-
ied. The gas flow pattern and all impor-
tant heat transfer mechanisms have been
included in the model. The discharge
column length, radius, and temperature are
determined as functions of time during the
current pulse and subsequent gas cooling
period. -

The primary motivation for the model
is to assess the effects of the interre-

~lated switch parameters listed in Table III

to optimize design tradeoffs. The numeri-
¢cal model has also been used to determine
which experimental measurements are most
useful to better understand switch per-
formance.

The spark gap switch is modelled by
two electrodes with geometry as shown in
Fig. 1. Geometry and dimensions corres-
pond to the AFAPIL test switch described
previously. Gap spacing is 0.5 cm, outside
diameter is 5.08 cm. The simple two elec-
trode overvolted spark gap results in rela-
tively uniform electric fields, thus higher
holdoff wvoltages than trigatron spark gaps.
Alr flows radially inward as shown, exiting
along the electrode axis. The design is a
good one from a gasdynamic standpoint in
that the discharge length is forced to
increase by a factor of 5.5 as it is con-
vected downstream of the minimum gap yet
flow velocity in this region remains
constant to within 10%.

The spark-~generated arc discharge is
assumed to have cylindrical geometry for
simplicity. The low density, highly vis-
cous hot gas column is essentially imper-
vious to the surrounding gas flow, since
by continuity the small absclute density
variations in the low density column re-
sults in a net mass inflow that is a
negligible fraction of the mass flow of the
surrounding gas. A uniform radial tempera-

“ture profile is assumed for simplicity:

this assumption is nearly realized by radi-
ation dominated arcs®. Conditions of local
thérmodynamic equilibrium can be expected
to prevail for the presently considered
electric fields, gas pressure of one atmos-
phere and time scales of many microsecondsd.

The discharge is convected radially
inward as shown in Fig., 1; an arc velocity
of 95% of the calculated average gas veloc-
ity at that radial location has been used.
Photographs of transversely blown dis-
charges in similar gaps were used to



estimate arc relative velocitys's. Measure-
ment Of discharge velocity in the present
geomatry is a major goal of the experimental
part of this program.

The partial differential equations
governing heat transfer have been simpli-
fied to the following:

2
dT I : kT
pC_ == S - g U - 41 == (1}
p dt cAZ A

4 e man =L 4 D uan - N ke (2
dt ‘P Y T oA u 2)

Nu = .466 Re" o1l

(3}

Eguation (1) is the energy balance on
the arc centerline. Centerline temperature
T and area A are determined as functions of
time t. The current pulse waveform I(t) is
supplied to calculate the Joule heating
term. Total radiation losses U(T} in
watts/em3 for high temperature air at one
atmosphere have been calculated by Hermann
and Shade’?, ¢ is a factor greater thanunity
that includes reabsorbed radiation and is
determined from the sameé reference. Density,
p, heat capacity, Cp, thermal conductivity,
k, and electrical conductivity, o, of air
vary with temperature according to YosS8.
Radial conduction losses in the partial dif-
ferential equation have been approximated
by - 47kT/A which would be exact for the
case of a parabelic temperature profile.
This assumption, proposed by Lowke3d, con=
siderably simplifies the analysis; his
results for an axially blown arc show good
agreement with experiment.

Equation (2} is the boundary condition
that defines the arc area such that total
energy balance is satisfied, similar to that
used by Frost and Liebermannl9, Forced
convection losses from a cylinder in trans-
verse flow are given by Eg. {3) for Nusselt
nunber  ¥u. Reynolds number, Re, is the
relative velocity, Uy, times arc diameter
divided by free strean kinematic viscosity.

The variation of are length, (&), is

important in the final cooling process and
is determined from:

Va? - 1 - w2

daz 2%
& =T (4)

- Va2 - x-w? w- 21

where V is the gas flow rate in CFM, D and
d are defined in Fig. 1.

The simplifying assumptions described
above have been included in the model be-
cause it was felt that attempts to solve
the full partial differential eguations
would not readily allow the inclusion of
all important physical processes, especially
transverse convection and arc length varia-
tions. 1In the present simplified model,
the following input can be varied: current
waveform, electrode geometry, gas flow rate,
real gas transport properties, recovery
voltage waveform, discharge relative

velocity, and initial conditions of temy -
ature and area. Experimental measurements
of the latter three quantities are present-
ly being performed.

Solutions to Egs. (l1)-{(4) were obtain-
ed using Hamming's modified predictor-
corrector scheme. The scheme is a stable
fourth order integration procedure initiat-
ed by a Runge-Kutta technigue; correct step
size for each iteration is determined for
maximum accuracy.

Experimental data and dimensions of
,the AFAPL spark gap switch as shown in
Fig. 1 were used. Current waveforms used
in the model duplicated experimentally
neasured waveforms. In two series of tests,
peak currents were 2.3 and 15 Kiloamps with
pulse durations of 32 usec and 88 psec,
respectively.

Results for one typical spark gap fir-
ing are shown in Fig. 2. Joule heating
causes rapid increases in arc temperature
and diameter. Radiation losses are domi-
nant immediately after the current pulse,
until the arc temperature dec¢reases helow
10,000%°K. Convective cooling and arc
stretching then dominate as the hot gas
continues to move downstream with the flow.
The slight increase in arc radius at
16,000°K is due to a large local maximum in
the curve of heat capacity of air versus
temperature.

For successful switch operation, the
gas density must increase to nearly ambient
density before the voltage waveform is
reapplied, or restrike will occur. The
breakdown potential for the gap has been
calculated using empirical data obtained
at high temperatures and fit to the Paschen
breakdown relation:

v = 6:958 x 10% o/7 ]
BD = In (668,900 £/T) (5)

where £ is the column length and tempera-
ture T is inversely proportional to gas
density. Gas ionization is negligible for
the temperatures that exist by the time the
voltage waveform is reapplied. Breakdown
voltage is plotted in Fig. 3 for the tem-
perature decay illustrated in Fig. 2. When
the breakdown potential (Vpp) of the hot
cylinder finally exceeds that of the mini-
mum gap itself, the latter constant quality
is plotted.

A reapplied voltage waveform (V) simi-
lar to that used in the switch tests of
Ref. 1, is sheown in Fig. 3. After a grace
time of 500 usec, the voltage rises in a
{l-cos wt) waveform with an average rate of
rise of 14 v/psec. Restrike probability
shown in Fig. 2 has been calculated using
the best available empirical relation be-
tween restrike rate and the voltage dif-
ference (Vpp - V)12, More accurate experi-
mental measurements of restrike probability
for the present geometry are presently
being performed.



Numerical results have been obtained
for gas flow rates corresponding to switch
‘tests of Ref. 1, and are shown in Figs. 2-
5. An increase in gas flow rate causes an
increase in gas cooling and dielectric re-
covery, causing restrike rate to decrease.
The numerical model predicts the same
trends as were cbserved experimentally in
the AFAPL tests of Ref. 1. Higher gas
flow rates are correctly predicted tc be
necessary to obtain higher pulse repeti-
tion rates.

The model also indicates that the
problem is not simply one of blowing hot
gas from the gap. When the arc radius ex-
pands as in Fig. 2, significant heating of
gas upstream of the gap may oceur; this
gas travels at velocities only one tenth
that of gas downstream of the gap. Sig~
‘nificant heating of the low velocity gas
upstream of the gap can seriously degrade
switch performance. Furthermore, the arc
velocity may not scale as the gas veloclity
and may be significantly lower than gas
velocity under certain conditiens.

Results of the analytic program to
date indicate that experimental measure=
ments of arc relative velocity and switch
restrike probability are needed to provide
empirical input directly applicable t¢ the
present geometry. The numerical model has
.shown that several causes of switch re-
strike are possible, For example, infre-
quent initial breakdown centered upstream
of the minimum gap can lead to excessively
large dielectric recovery times and switch
restrike.

IV. Experimental Measurements

An experimental program is presently
underway to measure discharge diameter,
temperature, and relative velocity, and
switch restrike probability. The Univer-
sity of Michigan's Cascade Arc Facility,
shown schematically in Fig. 6, has been
used to obtain repeatable and controlled
arc discharges in flowing gases.

Schlieren photographs of discharge
diameter and location are being made at
framing rates of 2 x 16% frames/sec using
a Beckman-Whitley cameral3d,

Temperature measurements are being
made using a unique computer controlled
optical scanning system. Intensjties of
the spectral multiplets at 5679 A and
4793 A in the NII emission spark spectrum
are measured using a rotating mirror and
GCA McPherson 216.5 Polychromator. Com-
plete radial temperature profiles in the
discharge are deduced at time intervals of
50 psec from the measured light intensity
profiles, after properly subtracting back-
ground intensity profiles and performing
an Abel inversion,

. FPor a plasma (singly ionized nitrogen
in this case) having a Maxwell Beltzmann
distribution of electronic ecnergy levels,
Ej, local temperature can be deduced from

the measured ratic of volume emission coef-
ficients si/ej of two spectral multiplets
from:

(E; - E;)/k

= 1 J
T = g, A, vV, £, {6}
m LA A
935 %3 V3 51

Quantities A; and g; are transition proba-~
bilities and multiplicity factors, respec=-
tively, corresponding to multiplet frequen-
cies vj, vy which were selected for optimum
measurement sensitivity.

A typical temperature profile of a
.2Ka axially blown circuit breaker arc is
shown in Fig. 7. Digital temperature
values can be obtained at sample intervals
as small as 10 nanoseconds in this facil-
ity. Temperature measurements for the
spark gap geometry are presently in
progress.

V. Conclusions

A program has been initiated to inves-
tigate the interactions between arc dis-
charges and gas flows that occur in high
power, high repetition rate spark gap
switches.

1. A numerical model has been developed
which predicts the discharge tempera-
ture, radius and length, as well as
approximate dielectric recovery rate
of the gap versus time., Maximum
repetition rate of the switch is then
predicted.

2. The model includes the processes of
transverse convective cooling, radia-
tion losses, arc length variations,
and internal conduction. The program
requires the following to be supplied:
gap geometry, current pulse waveform,
voltage recovery waveform, and real
gas transport properties. Analytical
work indicates that the following
empirical input is important: arc
relative velocity, initial area and
temperature immediately after break-
down, and restrike probability phe~
nomena.

3. An experimental program is presently
in progress to obtain the above men-
tioned empirical data. Spectroscopic
and photographic measurements of arc
temperature, radius, velocity and
restrike probability are being made
in The University of Michigan's
Cascade Arc Facility.

4. The numerical model correctly predicts
a decrease in restrike rate as gas
flow rate increases, as_has been
measured experimentallyl. Decreasing
the rate of rise of recovery voltage
and increase switch grace time also
decreases restrike rate, in agreement
with experiments. Switch performance
is presently being predicted for vari-
able geometry and current waveform.

oy
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