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ABSTRACT

A large diameter (17"), conventional shock tube has
been used as the pre-ionizer for an inverse pinch shock
tube in an attempt to achieve separation of the shock front
and the current sheath in the inverse pinch. The inverse
pinch was mounted in the endwall of the shock tube and
was operated without an anode, either behind the incident
or reflected shock wave generated by the pre-ionizer shock
tube. The test gases used were Xenon, Argon, and Helium.
Separation was not achieved, but inAArgon the pressure
front did move closer to the front of the current sheath.

In Xenon, no improvement in the performance of the inverse -
pinch was observed as a result of the pre—ioniéation, and

in one case it was noticeably degraded, with the piston
appearing to leak excessively. Because of tést time
limitationé it was only possible to operate the inverse
pinch behind the incident shock wave in Xenon. By measuring
the ionization relaxation time in Xenon it was found that for
all the conditions of the present experiments, ionization
equilibrium was not attained in the times available. There-
 fore, the inverse pinch was being operated in a slightly
ionized, relaxing gas. The electrical conductivity of such
a gas was calculated for Xenon and Argon and the results in
Argon were found to be in good agreement with previous

shock tube measurements of the conductivity. The relaxation
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time measurements, conducted primarily in the GALCIT 6"
shock tube, show that PyT. the product of the initial
pressure and the relaxation time behind the incident shock,
depends strongly upon the magnitude of Py especially for
‘pl < .5 mm Hg of Xenon. The dependence decreases as the

Mach number is increased in the range 10 < Ms <,20.6.
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I. INTRODUCTION

From the viewpoint of fluid mechanics and high
temperature gas dynamics, interest in electromagnetic
shock tubes such as the inverse pinch can be considered as
having evolved rathervnaturally as shock Mach number and
gas temperature horizons have expanded. The major steps
forward in shock tube technology havé been marked by
significant developments with respeqt to the nature of
the "piston" used to drive the shock wéve. First there
were cold and heated compressed gas drivers, then com-
bustion and electric arc drivers. This eventually led to
the curfently popular use of the energy stored in |
elgctromagnetic fields, or electromagnetic drivers. Now
several laboratories are working on explosive drivers;
in which advantage is taken of the large energy densities
stored.in explosives. To daté such devices have of
necessity been of the expendable variety.

' The shock yelocity.regime attainable with electro-
magnetic drivers is high enough that devices such as the
inverse pinch can be considered for use in producing
magnetohydrodynamic (MHD) shock waves. In collision-
dominated flows (collisionless flows will not be considered
here) there are two classes of MHD shock waves, depending
on whether the gas ahead of the shock wave is pre~ionized

and electrically conducting, or not. For both classes an



external magnetic'field parallel to the plane of the shock
wave is required. If the gas is not pre-ionized the shock
wave is commonly referred to as a gas-ionizing MHD shock,
whereas a "true" MHD shock wave is one in which the gas is
pre-ionized. Marked differences in the two types of shocks
are predicted theoretically and these are summarized in
references 1 - 3. The conditions necessary for producing
these shocks are also consideréd.

The early inverse pinch experiments reported by
Vlases in reference 2 qualitatively verified these predicted
differences. The method of pre-ionization used by Vlases
consisted of discharging aAcapacitor bank into the device,
operating it as an inverse pinch. Then after waiting
apﬁroximately 100 psec the main capacitor bank was dis-
charged, sending out the "MHD shock wave".

As an alternative, the idea was' conceived of using
“a conventional shock tube as the pre-ionizer for the
inverse pinch. A discussion of various aspects of
combining the two devices, the advantages and difficulties,
is presented in sections II and III. |

At the time the present experiments were undertaken
it was recognized that the inverse pinch, and all electro-
magnetic shock tubes, did not operate as a shock tube in
the sense that the flow field generated did not consist
of a shock wave, followed by a region of Shock heated gas

(the test gas), followed by a piston; but rather, the shock



front was imbedded in the piston and there was no clear
"separation" between the shock and the piston under any
operating conditions.

Early explanations of this behavior argued that the
current sheath, or piston, was diffusing faster than the
shock could separate from the piston. If the gas was
sufficiently pre-ionized the diffusion would proceed at a
slower rate and the shock should be able to move out ahead
of the piston. This provided the second source of
motivation for the pre-ionization experiments, the
“attainment of separation in the inverse pinch.

Recehtly, Sorrell (Ref. 4) has conducted éxperiments‘
directed towards an understanding of the actual accelera-
tién mechanism in an uh—preionized inverse pinch, and he
concludes that the diffusion rate provides only part of
the explanation. Sorrell considers the problem in terms
of how strongly the front of the advancing current sheath
interacts with the ambient gas. From this viewpoint if
the gas ahead of the current sheathis highly pre-ionized
it will interact more strongly with the piston than if it
.is not pre-ionized.  Therefore, either from the point of
view of diffusion or degree of interaction the conclusioﬁ
is the same, namely that pre-ionization should help
achieve separation in the inverse pinch.

In the work of both Vliases and Sorrell "snowplow"

theory (see Refs. 1, 4) was used to describe the dynamics



of the inverse pinch operation. In snowplow theory the
piston is considered as impermeable and infinitely thin,
and is assumed to sweep up all bf the mass it encounters.
Sorrell has relaxed the impermeability assumption and has
considered "leaky" pistons. Even more recently, Hoffman
(Ref. 5) has solved the conservation equations numerically
considering a distributed force field, corresponding to a
piston of finite thickness. For such a distributed force
field Whitha@ (Ref. 6) has given an interpretation of the
separation problem based on the location in the current
sheath of the point at which characteristics first inter-
sect, forming the shock wave. From this point of view the
gas need only be pre-~heated and the characteristics will
coﬂverge more rapidly, forming the shock closer to the
front of the current sheath and enhancing the possibility
of separation.

Due to the fundamental difficulty of achieving
separation, the original goal of producing laboratory MHD
shock waves was reduced to secondary importance and in
all of the presenﬁfexperiments no external magnetic field

.was used.



II. THE COMBINED OPERATION OF AN INVERSE PINCH‘AND A

CONVENTIONAL SHOCK TUBE.

2.1. The inverse pinch.

Detailed descriptions of standard inverse pinch
devices are presented in references 1 and 4. Some pertinent
aspects of the previous discussions are repeated in this
section since such a review serves as a useful introduction
to the present work.

A standard inverse pinch, or cylindrical magnetic
shock tube, is shown schematically in figure 1. The device
is typically houséd in a cylindrical vacuum chamber which
contains ports for the radial insertion of probes. Devices
have been built ranging in diameter from 6" to more than
18". The capacitor bank is charged to the desired voltage
and the discharge is initiated by triggering the ignitron
switches. The gas between the two electrodes breaks down
in a thin annular sheath close to the center insulator.

The self-magnetic field of the current in the center
conductor.(Be in figure 1) interacts with the current
sheath (jz), providing a j x B or Lorentz force in the
radial direction. This force drives the current sheath
radially outwards, and the current sheath interacts with
and accelerates the gas as it moves outwards. If the
current sheath truly acted as a thin, impermeable piston

a shock wave would be driven out ahead of the advancing



piston. To study MHD shock waves the external magnetic
field is provided by winding a suitable system of coils
around the circumference of the device (Ref. 1l).

Experience has shown that the velocity of the
propagating current sheath is very accurately predicted by
"snowplow" theory (see Ref. 1) in which the equation of
motion is solved for an infinitely thin, impermeable current
sheath which is assumed to sweep up and accelerate all of
the mass it encounters. The velocity predicted by this

model is a constant called the snowplow velocity Usp

" 4
U = [12 —-—2—9—] o, (1).
i

and is given by

where g is the magnetic permeability of free space,

p., is the initial mass density, and I is the rate of

o)
current increase, which is assumed constant. The constant

rate of current increase is approximately provided by using
the first quarter-cycle of the current pulse (which is
a damped sine wave).
Since i approximately equals V/L, where V is the
capacitor bank voltage and L is the circuit inductance,
the velocity of the current sheath depends only on circuit
parameters and the initial gas density in the inverse pinch.
For the present experiments an inverse pinch was

constructed with the following parameters:



Diameter 17.1"
Separation between "electrodes" 4 "
Total circuit inductance 0.3 ph
Bank capacitance 219.2 pf
Typical operating voltage : 15 KV

It should be noted that the previous‘inverse pinch
devices built in this laboratory have all been housed in
Pyrex vacuém chambers. The present device was built into
a section 6; the conventional shock tube, which is made of
stainless steel. This means that for MHD shock studies
the external magnetic field would have £o be provided by

a dc, rather than a pulsed current source.



2.2. Early pre-ionization experiments.

The pre~ionization scheme used by Vlases and described
in section I suffers from the disadvantage that the
discharging of the first capacitor bank sends out several
waves that successively accelerate the gas towards the
outside of the chamber. The hot gas interacts with the
cold outer wall of the chamber and then relaxes back
towards the center. Consequently, by the time the main
bank is fired the degree of pre-ionization of the gas is
unknown, as is the spatial distribution of the gas. 1In
principle the state of the gas could be determined
experimentally, as could the spatial variation of the gas
properties, but this would have to be done for each set of
operating conditions.

This disadvantage of the earlier experiments helped
- motivate the choice of a conventional shock tube to act
as the pre-~ionizer, since the gas properties could be
‘determined with fairly good accuracy from just a measurement
of the shock Mach number and the initial pressure. . In
addition one could predict in advance the degree of pre-
heating and pre-ionization to be expected under various
operating conditions. This was an important factor in
the selection of the present technique of pre-ionizing
because an accurate. description of the state of the pre-

ionized gas is an essential prerequisite for any evaluation



of the effect of the pre-ionization on the resulting

performance of the inverse pinch.
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2.3. The inverse pinch mated with the shock tube.

To obtain the configuration used in the present
experiments it was necessary to remove the top electrode
of the inverse pinch shown in figure 1, rotate it 90°,
and mount it in the endwall of the conventional shock tube.
A scale drawing of this arrangemeht is shown in figure 2.

The shock tube used in these experiments is the
GALCIT 17" shock tube. This facility is described in
reference 7. The shock tube was originally constructed for
application to problems in rarefied gasdynamics. In such
studies it is more important that the densities.be low than
that the shock Mach number be very high. Consequently
the shock tube has good vacuum qualities but limited Mach
number capability. This limitation of the shock tube and
its affect on the pfesent experiments is discussed in
section 3.3.

A purely geometrical problem was posed by the location
of the probe ports in the shock tube section available for
use in these experiments. The section had four ports
located 20 cm from the end of the section, spaced 90° apart.
It was planned that the probes be locéted at approximately
the mid-plane of the inverse pinch, which would require
an axial length of 40 cm if the endwall of the shock tube
was also used as the ground electrode of the inverse pinch.

Experience has indicated that such large breakdown



1l

distances are undesirable. The problem was resolved by
positioning the ground electrode approximately 15 cm into
the shock tube as indicated in figure 2. In this way the
probes were located at the mid-plane of the inverse pinch
with the device 10.2 cm long. The ground electrode of the
inverse pinch was also used to support the vacuum by means
of an O-ring around its circumference which sealed to the
inner wall of the shock tube. This provided an adequate
seal for the present experiments, but not as low a base
pressure as that obtained with the standard endwall
arrangement.

The ground electrode itself was instrumented with a
piezo-electric pressure probe which monitored the arrival
of the incident shock wave and provided a good‘timihg-

reference for the firing of the inverse pinch.
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2.4. The inverse pinch with no top electrode.

A vital factor in the use of the two devices as
shown in figure 2 is the operation of the inverse pinch
with no top electrode, or anode. To determine the effect.
of removing’the top electrode one of the smaller inverse
pinches (6" dia.) in the laboratory was operated in this
manner and Kerr cell pictures werevtaken at various times
after breakdown. Samples of these picutres are presented
in figures 3(a) and 3(b) for Argon at an initial pressure
of 2 mm Hg and a capacitor bank voltage of 12 XV. 1In
figure 3(b), taken 10 usec after breakdown, a second
current sheath has already started to propagate outwards,
corresponding to the second half-cycle of the discharge.

A small washer is visible at the top of the center
conductor in figures 3(a) and 3(b). This was used to help
initiate the breakdown of the gas. In later experiments
.this was replaced by either a corona ball or a 15° nalf-
angle cone. The cone was used only in the experiments in
the 17" shock tube to inhibit the formation of a detached
shock at the end of the center conductor.

The Kerr cell pictures indicate that even without
the top electrode the breakdown is uniform and the luminous
front is extremely plane and stable. In fact, a slight
tilting of the luminous front from top to bottom that is

noticeable in most Kerr cell pictures taken with a top
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electrode, has been eliminated.

Further evidence of the successful operation of the
inverse pinch wiﬁh no top electrode is obtained by plotting
r-t diagréms from magnetid probe data. In all cases the
maximum of ée (the time-derivative of Be)'propagates at a
constant velocity and at precisely the velocity predicted
by snowplow theory. This property of the propagation of

B has been used in the past as a criterion for success-

6 max

ful operation of the inverse pinch, and in this case is
taken to indicate that the device is operating essentially
as it does with the top electrode in place. Several r-t

diagrams, both with and without pre-ionization, are presented

and discussed in section V.
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III. COMPATIBILITY REQUIREMENTS

Inasmuch as the present experiments involve the
simultaneous operation of two distinct devices it seems
natural to expect there will be some interface or
compatibility problems‘which arise because something which
enhances the operation of one of the deviceé might detract
from the pefformance of the other.

Throughout the following discussion the shock tube
numbering system described in reference 8 will be used.
Thié system is indicated in the x-t diagram of figure 4

for an ideal shock tube.

3.1. Incident versus reflected shock operation.

The first interface problem is related to the option
of firing the inverse pinch behind the incident or the re-
flected shock wave of the 17" shock tube. The original idea
envisioned firing the inverse pinch after: the pre-ionizing
shock wave had reflected from the ground electrode and
moved back up the shock tube past the end of the inverse
pinch. This corresponds to time tl in figure 4. Ideally
this would result in the inverse pinch being discharged
into a gas at rest and at the equilibrium - 5 (E-5)
temperature and degree of ionization, both of which are of
course higher than the corresponding values behind the
incident shock. However; the density is also much higher

than behind the incident shock, and since the snowplow
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velocity is proportional to p;% (Eg. 1) this detracts from
the performance of the inverse pinch. Furthermore, the
test time behind the reflécted shock wave (the time in
laboratory coordinates between the passage of the shock

and the arrival of the contact surface) is much less than
that behind the incident shock; and for many interesting
operating conditions of the 17" shock tube (e.g., high Mach
numbers and low initial pressures) the length of the test
gas slug behind the reflected shock is actﬁally less than
the length of the inverse pinch.

When operating behind the incident shock wave the
inverse pinch is fired just when the incident shock hits
the ground electrode. This corresponds to time t2 in
figure 4. Tﬁe inverse pinch is then fired into a gas which
is moving wigh axial velocity up, the gas velocity behind
the incident shock. This is certainly less desirable than
having the gas at rest. However, the radial snowplow
velocities are typically an order of magnitude larger than
the axial velocity behind the incident shock and the axial
gas motion can therefore be negleétedq Furthermore, in

~the present experiments the current sheath propagates at
constant velocity for approximately 10 usec. This is there-
fore the duration of the experiment. The maximum reflected
shock velocity is on the order of 1 mm/usec. If the

inverse pinch is fired when tﬂé incident shock hits the

ground electrode, then in 10 pusec the reflected shock
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will have traveled a maximum of 10 mm. The inverse pinch
is just over 100 mm long so the reflected shock will have
traversed';ess than 10% of the inverse pinch by the time the
experiment is completed. |

A fur?her complication associated witb operation
behind the incident shock is provided by the finite
ionization felaxation fime. This is due to Fhe fact that
the internal degrees of freedom adjust more slowly to the
large change’in energy of the shocked gas than do the
translatiohal degrees of freedom. Immediately downstream of
the shock wave all properties of the shocked gas may be
calculated by assuming that no energy has been invested
in ihternal degrees of freedom. This corresponds to a
shock wave in a calorically perfect gas and is known as
the region of "frozen flow™. Eventually equilibrium is
restored between the internal degrees of freedom and the
translational degrees. The time associated with the re-
establishment of thermal equilibrium is known as the
relaxafion time.

The ideal x~-t diagram in figure 4 must now be modified
to include this important reai gas effect. This is done
in figure 5 in which only the region in the vicinity of the
inverse pinch is shown. The time t; now corresponds to
operation behind the reflected shock plus the reflected
shock relaxation zone (which is much narrower than the

incident shock relaxation zone). If the test time is long
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enough to permit firing of the inverse pinch at tl then
equilibrium (E-5) conditions would prevail.

Behind the incident shock (time t, in figure 5)
conditions are more significantlyvaffected by the presence
of the relaxation zone. Since equilibrium is restored by
means of collisions between the particles, relaxation times
are shorter at high initial pressures and high shock Mach
numbers, but in Argon and Xenon at moderate Mach numbers
(10-14) and low initial pressures (50 - 200 p Hg) the
relaxation time can be on the order of 50-100 psec. At
shock velocities of ~ 2mm/pusec this corresponds to 4-8
inches of length behind the incident shock. Therefore,
if the inverse pinch is 4" long, at time t2 in figure 5
it will be filled with gas that has not yet reached
ionization equilibrium. In fact, due to the details of
the processes by which equilibrium is approached there may
be essentially no pre-ionization of the gas in the inverse
pinch, although the gas will have been heated and compresSed
to the,frozen - 2 (F-2) density and temperature (see

Appendix A).



18

3.2. Shock tube size.

It is important that the pre-ionizing shock tube be
large for two reasons. The first is that the test time is
proportional to the square of the shock tube diameter and
inversely proportional to the Mach number (Refs. 9 and 10),
so that acceptable test times can be obtained at high Mach
numbers (and hence high degrees of pre-ionization) by using
a large shock tube. Secondly, the larger the diameter of
the shock tube, the larger the diameter of the inverse pinch,
and the longer the time the current sheath has to propagate
out radially. This longer running time gives the radial
shock wave more time to move to the front of the current
sheath and eventually, to move out ahead.

-~Making the shock tube as large as possible is not
without its disadvantages éince the larger the shock tube
the more difficult and costly it is to run at high enough
Mach numbers tb gét appreciable pre-ionization aﬁd short

enough relaxation times.
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3.3. Molecular weight effects.

Consider now the effects of the molecular weight of
the test gas on the performance of the two devices. In a
conventional shock tube, for a given pressure ratio across
the diaphragm, the resultant shock Mach nunber increases
as the ratio of the driver-to-driven gas sound speeds
a4/al increases. For both driver and driven gases at the
same temperature this ratio is maximized by using a light
driver gas and a heavy driven gas. As was previously
noted the 17" shock tube was not designed as a high Mach
number facility. To maximize the Mach number capability
of the shock tube it was planned that a Helium driver would
be used with Xenon as the driven gas. With P, = 50 p Hg
of Xenon and the highest practical driver pressure (80 psi
absolute of Helium) the shock Mach number is 13.5. Table
1l contains a compilation of typical operating conditions
for the 17" shock tube with Helium as the driver gas and
various driven gases.

On the other hand, one of the experimental observa-
tions of Sorrell‘(Ref. 4) was that as the inverse pinch
is operated in heavier and heavier gases the shock front
forms farther and farther back in the current sheath. In
Hydrogen the shock front is found at the leading edge of .
the current sheath and in Argon it is found close to the

trailing edge. In the present experiments it was found
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that in un-preionized Xenon the shock is located even
farther back in the current sheath than in Argon.

In view of this very negative effect of gas molecular
weight on the inverse pinch, experiments have also been
conducted in pre-ionized Argon and Helium, trading 17"
shock tube pre-ionization capability for enhénced perform-
ancé of the inverse pinch. This is felt to be the most
serious limitation of using a conventional shock tube as
a pre-~ionizer for the inverse pinch;‘ namely that it is
difficult to generate the high shock Mach numbers necessary
for effective pre-ionization in the light gases that are

desirable from the viewpoint of inverse pinch performance.
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IV. DEGREE OF PRE-IONIZATION

4.1. Ionization relaxation.

4,la. Relaxation in Xenon.

Early in the present work it became apparent that it
would not be possible to operate the inverse pinch behind
the reflected shock wave in Xenon in the range 12 < Ms < 14.
This was mainly due to the limited test time available. Of
secondary importance was the fact that at these Mach numbers
the density fatio ps/pl is so high (see Table 1) that the
corresponding snowplow velocities behind the reflected
shock are too low to be of practical interest. This latter
difficulty can be alleviated by operating at much higher
voltages.

Once it was ackﬁowledged that operation in Xenon would
be restricted to firing behind the incident shock, the
magnitude of the relaxation time became a significant
parameter of the experiment. A literature search quickly
uncovered a paucity of data on ionization relaxation times
in Xenon (Refs. 11-13). The shock Mach humber and initial
pressure ranges of the previous experiments are summarized
in Table 2. 1Included in Table 2 is the size of the shock
tube used in each experiment and the diagnostic techniques
employed in the determination of the relaxation time. 1In
all three cases both the shock Mach number and initial pres-

sure range were quite limited, with no Mach numbers greater
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than 12 and no initial pressures less than .78 mm Hg of
Xenon. The results of the previous experiments are plotted
in figure 6, in which P1To is plotted versus the shock Mach
number* (T, is the relaxation time in region 2).

Due to the large disparity in the results of the
previous experiments a separate experimental program was
undertaken to measure ionization relaxation times in Xenon
in the GALCIT shock tubes. Because of the limited Mach
number capability of the 17" shock tube, and also the com-
paratively high cost of operating the large tube, it was
decided that the relaxation times would be measured in the
higher performance, less costly 6" shock tube. The program
conéisted of measuring the relaxation time over a wide range
of shock Mach numbers and initial pressures in the 6" shock
tube, and at a few overlapping conditions in the 17" shock
tube. In this way a good estimate could be made of the
relaxation time for other conditions in the 17" shock tube.

The present experiments are included in Table 2 and are
discussed in detail in Appendix A. The results are plotted
in figure 7, in which plT% is plotted versus shock Mach
number, with the initial pressure py; as a parameter. T%
is defined in section III of Appendix A. In figure 7 curves

have been drawn through the results for initial pressures

* The results plotted in figure 5 of reference 13 are for
0.78 < p, <1.20 mm Hg, but the points are not labeled.
Therefore, an average initial pressure of 1.0 mm Hg was
assumed. - '
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of 50, 100, and 500 p Hg of Xenon. These are the three
pressures for which runs were made over a ‘wide enough range
of Mach numbers to fit a curve to the data.

The most striking feature of the preseht measurements
is that at algiven Mach number plT% is not independent of
pressure, but rather is directly proportional to Py (for a
discussion of why plT% should be independent of p,. see
Ref. 14). Furthermore, as the shock Mach number is increased
plT% begomeg less and less a function of Py ?hese and other
aspects of the present relaxation time measurements are
discussed in Appendix A, including a comparison of the 6"

and 17" shock tube results.



24

4.1b. Relaxation in Argon and Helium.

With respect to Argon, sufficiently accurate values
of the relaxation time can be obtained from the results of
Petschek and Byron (Ref. 15). Recently, Friedman and Fay
have extrapolated the results of Petschek and Byron to
higher shock Mach numbers (Ref. 16). However, because of
the limited Mach number capability of the 17" shock tube
the maximum shock Mach ﬁumbers attainable in Argon are on
the order of 8 (see Table 1l). At these comparatively low
Mach numbers and initial pressures the relaxation times are
so long that even for operation behind the reflected shock
wave the inverse pinch is fired into a relaxing rather than
an equilibrium gas.

For operation of the combined shock tubes in Helium
the gquestion of ionization relaxation times is irrelevant,
since with a Helium-Helium combination in the 17" shock tube
the maximum shock Mach number is on the order of 3, and at
such a low Mach number the shocked Helium behaves as a
calorically perfect gas with no relaxation. effects due to

lagging internal degrees of freedom.
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4.2. Electrical conductivity.

Once it has been determined whether the inverse pinch
is being fired into a relaxing gas or one in thermal
equilibrium, the degree of pre~ionization may be further
specified by calculating the electrical conductivity of the
gas. The conductivity depends upon both the temperature and
the degree of ionization (or electron numbet density). 1If
the gas is in thermal equilibrium the calculation is
comparatively straightforward. In the limit of either a
slightly or highly ionized gas in thermal equilibrium there
are equations which apply and these are summarized in
Appendix B.4'For intermediate degrees of ionization a
hybrid conductivity suggested by Lin, Resler, and
Kantrowitz (Ref. 17) is frequently used. It has generally
been found in shock tube experiments in Argon that the
measured conductivities are somewhat lower than those
predicted theoretically (Ref. 18; no such comparison between
experiment and theory has been found for shock-heated Xenon).

In the equilibrium case the degree of ionization (or
electron density) is determined from the Saha equation (see
Appendix B} and the temperature is given by the shock jump
conditions. On the other hand, for a relaxing gas the Saha
equation cannot be used, and although the gas temperature
can be calculated from the shock jump conditions for a
perfect gas, it has been argued in the past that the electron

temperature is less than the temperature of the neutrals and
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ions (Refs. 15 and 19). This is because for low degrees
of ionization thé electrons are heated primarily by elastic
collisions with the neutrals. Due to the Ramsauer effect
the cross-section for this process is small and the heating
of the electrons by elastic collisions with the neutrals
proceeds at a slow rate. Thus the electron temperature would
be lower thén the gas temperature while the gas is relaxing
(from the Argon results of Wong and Bershader the electron
temperature appears to be about a factor of two less than
the atom and ion temperature at MS = 16.3 and p; = 5 mm Hg
of Argon). However, a recent computer calculation by Kelly
(Ref. 20) indicates that in Xenon and Argon at the Mach
numbers and pressures of interest 'in the present experiments,
the difference between the electron and atom temperatures is
appreciably less than a factor of two (more typically 10%)
and in some cases the elecfron temperature directly behind
the shock frdnt is actually higher than the atom temperature.
In view of Kelly's results the electron temperature was
taken as approximately equal,te the atom temperature for
the purposes of the present calculations.

The electrical conductivity of a slightly ionized

equilibrium gas is given in equation (B-5) of Appendix B.

1

- ~=10 Q -1 ‘
Go 3.84 x 10 5';1%' mho cm ~ . (B-5)

Q is the electron-atom collision cross—section, o is the
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degree of ionization, and T, is the electron temperature.

For a slightly ionized, relaxing gas the conductivity
may be calculated with a determined not by Saha's equation,
but by integrating the rate equation for the production of
electrons, using the activation energies and cross-sectional
slope constants measured by Kelly (Ref. 21). The electron
temperature is taken equal to the atom temperature as
calculated from the shock jump conditions for’a calorically
perfect gas.

The rate equation for the production of electrons by

atom-atom collisions (see Appendix A) is (Ref. 21)

E;% = 4ClN2(kT) <§§>% [;%T + 1]’ exp E;g%] . (2)

N, M, and T are the atom number density, mass and temperature,
respectively. Ne is the e;ectron number density. Ej is the
activation energy and Cl is the cross-sectional slope
constant. For Argon and Xenon the activation energies
measured by Kelly are 11.548 and 8.315 ev respectively, and

19 20 cm2/ev.

the constants C; are 1.2 x 10""7 and 1.8 x 10~
N is the ambient atomic particle density which equals
Nl(pz/pl), where pz/pl is the frozen density jump across
the shock and N; is the initial density ahead of the shock
wave. Equation (2) can be integrated by assuming the
temperature and density are approximately constant in the_

region of atom-atom relaxation (regime I of Appendix A).
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It is assumed that the electron number density at the shock
front (t = 0) is negligibly small. In equation (2) the
time is particle time rather than laboratory time after the

passage of the shock. They are related by

t = (py/py)ty

-

‘ : N
where t  is laboratory time. With a = —% ,
= kT 2 a .—a
@ =465, (nM) kT (pl) Ny [ZkT * 1] expl e (3)

Equation (3) involves constants, the initial density, time,
the atom temperature, and the density jump across the shock.
The two latter quantities are determined by the shock Mach

number. Therefore,

N (4)

a(MSy t =-B(MS)Nlt

L’ l) L
where B(MS) will depend on whether the gas is Xenon oxr
Argon.

When equation (4) is combined with (B-5), the.
conductivity for a slightly ionized, relaxing gas is

obtained

10 B(Ms)NltL

o, = 3.84 x 10” f——ag—g—— o (5)

e

The conductivity results of Lin, Resler, and

Kantrowitz are plotted in figure 8. The open circles
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correspond to experimental conditions for which the gas

is still relaxing. In the temperature range of SOOO—BOOOOK,
the measured conductivities are as much as two orders of
magnitude lower than the values predicted according to the
equilibrium theory. o, has been calculated for these
conditions and the results, plotted in figure 8, are seen
to be in gooé agreement with the experimental values.

In view of the good agreement with the results of Lin,
Resler, and Kantrowitz for Argon, equation (5) has been used
to calculate the conductivity profile in the relaxation zone
behind shock waves in Xenon. The results of this calculation
are plotted in figure 9, in which the conductivity o, has
been normalized by the number density ahead of the shock
and the time in laboratory coordinates since the passage

of the shock wave.
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V. RESULTS

The procedure for the pre-ionization experiments
consisted of first choosing an initial pressure and shock
Mach number condition for the 17" shock tube, with Argon,
Xenon, or Helium es the driven gas (see Table 1l). Several
runs were made at each condition, with the inverse pinch
fired behind either the incident or reflected shock. The
pressure and magnetic probes were inserted various |
distances radially into the inverse pinch to map the
trajectory of the pressure front and the current sheath.
For each operating condition it was decided whether the
ambient gas into which the inverse pinch was fired was
relaxing or in thermal equilibrium, based on the earlier
results with respect to the ionization relaxation time
(section 4.1). The appropriate shock jump conditions were
then used to calculate the corresponding "initial" density
(the density at the time the inverse pinch was fired).

" Then, with the inverse pinch removed from the shock tube
and operated by itself, each condition of "initial" density
and capacitor bank voltage was duplicated, without pre-
ionization. Since the snowplow velocity depends only on
the bank voltage, the initial density, and constants
(equation 1), matching the aensity and voltage isolates

the effect of the pre-ionization and/or pre-heating. The
results of these experiments are presented by means of r-t

diagrams in figures 10-17.
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To minimize the number of 17" shock tube runs
required, two magnetic and two pressure probes were used.
For each driven gas several test shots were made with the
probes at the same radial position in the inverse pinch,
and there was generally no more than .1 psec difference
between the arrival times of the same event as seen by the
two probes of each type. In the reduction of the pressure
probe data it was necessary to allow for a delay of
- approximately .2 usec in the signal, caused by the glass
plate ai the front of the probe (see Ref. 4).

For the magnetic probe data reduction in the
experiments of Vlases and Sorrell (Refs. 1 and 4) the
convention was adopted of plotting the time-history of
three parts of the bell-shaped ﬁe trace: the onset, the
maximum, and the null. However, the onset of ée is often
ill-defined, and especially with pre-ionization, is hard
to locate accurately and consistently. In the present
- experiments the front of the current sheath was determined
by drawing a tangent to the maximum positive slope of the
ée trace and locating the intersection of this tangent with
the time axis. The use of the "maximum slope tangent"”
has resulted in a marked reduction in the scatter in the
location of the front of the current sheath.

Figure 10 is a plot of the results With the inverse
pinch fired behind the incident shock wave in Argon, with

p; = 100 L Hg and a shock Mach number of 7.1. Figure 11 is a
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plot of the corresponding data without pre-ionization.
This is a low enough Mach number that the frozen and
equilibrium density jumps pz/pl are approximately the

- same and equal to 3.78.\ Therefore the runs without pre-
ionization were made at an initial pressure of ~ 378 p

Hg of Argon;‘ The calculated snowplow velocity for this
condition is 1.39 cm/usec. With pre-ionization (figure 10)
the velocityvof éemax is found to be 1.36 cm/pusec, and

without pre-ionization (figure 11) the measured velocity

of B is 1.46 cm/psec, both in good agreement with

emax .

the snowplow prediction If figures 10 and 11 are
superposed, two features become apparent: first that the
maximum slope curves are identical, and secondly that the

pressure front is closer to B9 with pre-~ionization
max

than without. The first result is not surprising in that
the amount of pre-ionization behind a Ms = 7.1 shock in
Argon is negligible, even at equilibrium, and the rate

of diffusion of the front of the current sheath should not
be affected significantly by the pre~heating. The second
result is more encouraging since the ultimate goal is to
cause the pressure front to move forward and eventually
out ahead of the current sheath. Furthermore, it is
observed that the pressure front without pre-ionization

is propagating at somewhat less than the velocity of

®

B (1.33 versus 1.46 cm/usec), whereas with pre-

emax

ionization the velocity of the pressure front is precisely
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the same as that of Be .
max
The second condition run in Argon was M, = 7.8,

P, = 100 p Hg, with the inverse pinch operated behind the
reflected shock wave. The inverse pinch was triggered

125 psec after the incident shock hit the ground electrode,
as monitored by the pressure probe mounted in the ground
electrode.b For this condition the predicted snowplow

velocity is 1.13 cm/usec, and the measured velocity of

B with pre-ionization was 1.21 cm/pysec, and without it

® max

was 1.16 cm/psec. The r-t diagram for this case is plotted
in figure 12, in which the results with pre-ionization are
presented, plus the maximum slope curve without pre-ioniza-

tion. This was done because the rest of the curves (pressure,

B 2 and B
emax enull

~indistinguishable from the corresponding curves with pre-

) without pre-ionization are practically

ionization. For example, in both cases the pressure front
propagates at precisely the snowplow velocity of 1.13
cn/isec. The only significant difference between the pre-
ionized and un-preionized results is in the shape of the
maximum slope tangent curve. Without pre-ionization (the
dashed curve and darkened circles in figure 12) the front of
the current sheath propagates at an almost constant velocity
that is somewhat faster than that of éemaxo This is typical
of Argon without pre-ionization. With pre-ionization however,

it is seen in figure 12 that the maximum slope curve becomes

parabolic, which suggests the growth of‘the current sheath
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(defined here as the separation betweenéemax and the
maximum slope curve, at a given time) is approaching the
parabolic diffusion predicted by theory (see Ref. 4,
section 3.2).

The results in Xenon are plotted in figures 13-16.
Two sets of conditions were run, both with the inverse
pinch operated behind the incident shock wave. The first
condition was M, = 12.0, Py = 100 p Hg, and the resulté with
énd without pre-ionization are plotted in figures 13 and 14.
The two sets of profiles are quite similar. For example, the
snowplow velocity for this case is 1.06 cm/usec, and with
pre-ionization éemax propagates at 1.12 cm/usec, and without
pre-ionization at 1.02 cm/psec. The pressure front with
~ pre-ionization propagates at 1.02 cm/usec, and at 1.00
cm/psec without it. There is no significant difference in
either the location of the pressure front or the rate of
diffusion of the front of the current sheath with respect to

B, = due to the pre-~ionization.
max
For the second condition of Ms = 11.8, py = 50 u Hg.

9

things are somewhat different. The results with and without
pre-ionization are presented in figures 15 and 16. 1In
figure 15 it is seen that the pressure front attenuates as

it moves outwards, slipping farther and farther behind

Be , more so than without pre-ionization. Moreover, the.
max
predicted snowplow velocity for this case is 1.26 cm/usec,
and without pre-ionization B9 propagates at 1.22 cm/usec,
_ max ;
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but with pre-ionization it propagates at 1.48 cm/usec. This
combination of much too high a current sheath speed and
attenuation of the pressure front suggests that the current
sheath or "piston" is leaking more extensively with pre-
ionization than without, for this particular condition.

It is seen in figqgure 7 that for both conditions in
Xenon the ionization relaxation time is longer than 50 psec,
which means that in both cases the relaxation length behind
the shock wave is longer than the inverse pinch, correspond-
ing to time t, in figure 5. Therefore, the electrical
conductivity of the relaxing Xenon can be calculated
according to section 4.2 and figure 9, but this is rather
academic in view of the lack of any positive effect result-
ing from the pre-ionization in Xenon.

Two conditions were also run in Helium: M, = 3.1,
py = 50 u Hg, and M, = 3.1, Py = 150 u Hg. The inverse
pinch was fired behind the reflected shock in the first
case and behind the incident shock in the second case.
Figure 17 is a plot of the pressure fronts with and without
pre-ionization for the incident shock caséc It is included
to show there was only a small difference between the
measured velocities. The magnetic probe data in Helium
was very difficult to interpet because of effects induced
by the presence of the probes. In the present experiments

it was necessary to encase the probes in Teflon sleeves so
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they could withstand the lateral impact loading due to the
high pressure driver gas. As a result the probes were
appreciably larger than those originally used (%" dia
compared to %E" dia). The effects are most pronounced in
gases for which the pressure is in the front part of the
current sheath (Helium and Hydrogen). A series of experi-
ments was conducted with the present inverse pinch in which
small magnetic probes were used at the same time as the
large ones. In Argon and Xenon there were no essential
differences in the measured profiles, except in the rear
of the current sheath. In Helium, on the other hand, the
ée profile was distorted as soon as the pressure front

encountered the probe. For this reason the Be profiles

are not presented for the two cases in Helium.
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VI. SUMMARY AND CONCLUSIONS

From an operational point of view the pre-ionization
experiments can be considered a success. The inverse pinch
has been successfully operated without a top electrode
with no degradation in performance. Mated with the 17"
shock tube, the combined configuration has been operated in
several gases over a wide range of shock Mach numbers. The
inverse pinch has been fired behind both the incident and
reflected shock waves, and in all but one case the
propagation speed of the current sheath was found to agree
with that prédicted by snowplow theory, using the density
calculated from the shock jump conditions for either an
equilibrium or frozen gas. The lack of appreciable scatter
in the data with pre-~ionization is also considered to be
a positive factor in view of the fact that each set of
curves is the result of several shots at the same condition,
involving the reproducibility of not one, but two devices.

On the negative side, separation has certainly not
been achieved, nor has anything close to separatioh° Even
in a shock tube as large as the 17" shock tube it has been
concluded that it is not possible to operate the inverse
pinch behind the reflected shock at high Mach numbers
because of test time limitations. On the other hand, when
operating behind the incident shock, the relaxation time

has been found to be so long that the inverse pinch.is
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fired into a pre-heated, but'not pre-ionized gas. Further-
more, in the light gases found to be desirable from the
viewpoint of the inverse pinch, the Mach number capability
of any conventional shock tube is so limited that the two
devices are practically incompatible.

According to the theoretical model of Hoffman (see
section I and reference 5), it is only necessary that the
gas be pre-heated and not necessarily pre-ionized for the
shock front to move farther forward. . This is in consonance
with the results of the incident shock series in Argon at
MS = 7.1 (figures 10 and 1ll1). 1In the reflected shock series
~in Argon at MS = 7,8 the diffusion of the_front of the
current sheath became approximately parabolic, as would be |
predicted by a simple diffusion argument. Howevér, these
results are far from conclusive. In Xenon no advancement
of the pressure front was observed with pre-ionization,
and in one series the piston appeared to leak excessively,
with ée propagating much faster than snowplow velocity
and themgﬁessure front attenuating noticeably.

The relaxation time experiments have shown that at
low initial pressures plT% is not indepéndent of Py but
is strongly depehdent upon the magnitude of Py especially
at the lower Mach numbers in Xenon. At initial pressures
1éss than 100 Hg,'the relaxation times measured in the

17" shock tube were substantially longer than for the same

conditions in the 6" shock tube.
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A theoretical model was presented for calculating the
electrical conductivity of a slightly ionized, relaxing
gas that was shown to accurately predict the conductivity
measured in earlier shock tube experiments in Argon. Using
this model the conduct1v1ty was calculated as a functlon
of tlme behlnd the incident shock wave in Xenon, for the

4

Mach numbers of 1nterest in the pre-lonlzatlon experlments.

N
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APPENDIX A
IONIZATION RELAXATION TIME MEASUREMENTS IN XENON

I. INTRODUCTION

The subject of the approach to ionization equilibrium
(ionization relaxation) behind strong shock waves in noble
gases has been exhaustively treated both theoretically and -
experimentally in the past few years (see, for example,
Refs. 14, 15, 19). In this appendix the relevant reéults
of previous workers are summarized and the present ﬁeasure-
ments of the ionization relaxation time in Xenon in béth

the GALCIT 6" and 17" shock tubes are presented.

IXI. THEORY

The passage of a strong shock wave through a gas
results in the transfer of a large amount of energy to the
gas in an extremely short time. 4Immediately behind the
shock wave all of the energy may be considered as distri-
buted solely among the translational degrees of freedom of
the gas. As discussed by Wong and Bershader (Ref. 19),
since the average particle energy is small (on the order of
1 to 2 volts), the probability of an excitation or ioniza-
tion collision is low, so that on the average there are many
collisions before the gas gains or loses internal energy.
Under these conditions there are many elastic collisions for

each inelastic collision and the translational degrees of



41

freedom are able to remain in equilibrium as ionization
relaxation proceeds. In shock tube terminology this is the
region of "frozen" flow and all of the gas properties may
be calculated neglecting any energy transfer to the internal
degrees of freedom. After a certain time has elapsed the
internal degrees of freedom are able to equilibrate with
the translational degrees and the shocked gas is said to be
in thermal equilibrium. This time lag, or incubation
period, is called the relaxation time.

The transfer of energy between the various degrees of
freedom is accomplished by means of collisions between the
gas particles, and the identification and cataloging of the
important collision processes for different Qases, as well
as measurements of the corresponding reaction rates.and
cross sections have comprised the bulk of the work to date.

For noble gases, such as Argon and Xenon, the
approach to ionization equilibfium may be considered in
terms of distinct regimes, with each regime characterized
by a dominant ionization mechanism. In regime I, which
is limited to low degrees of ionization, the most probable
ionization mechanisms afe atom~atom collisions. For the
Argon experiment of Wong and Bershader regime I was limited
to a degree of ionization of 0.5%, and in the experiments
of Petschek and Byron, also in Argon, regime I accounted for
about 10% of the final ionization. In regime II the

exceedingly more effective electron-atom processes dominate
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the ionization build-up. It is in regime II that most of
the.ionization takes place. | o
A third regime (regime III) can bé‘considered in which

the degree of ionization is high enough thaﬁ recombination
must also be included. This is because as equilibrium is
'approached the rates of population and de-population of a
particular state must become equal. The recombination can
occur radiatively and the experimentally observed sudden
onset of continuum radiation emission from the shocked gas

is taken as an indication of the start of regime III.
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III. MEASUREMENTS

In the Argon experiments of Wong and Bershader, at
shock Mach numbers up to 18, the electron density build-up
behind the shock wave was measured by the technique of
two—wavelehgth optical intérferometry. They also observed
the sudden onset of luminosity, associated with the start of
regime III, superposed on the interferrograms,'and_found
that this occurred at roughly 80% of the equilibrium degree
of ionization. It should be emphasized that they observed
the total luminosity, including both continuum and line
radiation.

Petschek and Byron also argued that the sudden onset .
of luminosity was mainly due to electron-ion recombination.
Furthermore, since the recombination is proportional to
Nez/Te%, where Ne is the electron number density and Te is
ithe electron temperature, and since the variation in
electron temperature is small compared with the change in
electron denéity, the luminosity is essentially proportional
to Nezo Petschek and Byron photographed the total luminosity
(integraﬁed over all wavelengths to which the film was
sensitive) with a rotating-drum camera and considered the
relaxation time fo be defined by the point on the negative
at which half the equilibrium (peak) luminosity was reached
(they assumed equilibrium was attéined.for their conditions).

With the intensity proportional to Nez this corresponds to
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approximately 70% of the equilibrium degree of ionization.
They estimated a maximum error of 20% in the determination
of the relaxation time.

Yet another. definition of the relaxation time was
employed in the Xenon experiments of Roth and Gloerson
(Ref. 12), and later by Gloerson (Ref. 13). They obsérved
the time-history of the visible continuum emission in the
.neighborhood of 4970 A with a spectrograph-photomultiplier
combination. Their oscillograms show a short burst of
luminosity at the shock front followed by the rapidly
rising main signal at the end of the incubation period. A
typicai intensity versus time continuum profile is shown
schematiCally in figure 18. Roth and Gloerson took as
their relaxation time the time between peaks of the two
parts of the signal.

Roth and Gloerson attribute the observed visible
continuum, at least in part, to the existence of stable
excited states of the diatomic Xenon molecule Xe, s rather
than entirely to recombination and bremsstrahlung. It is
not within the scope of the present work to comment on this
hypotheéis, but rather merely to determine the maénitude of
the ionization relaxation time for the conditions of the
present experiment.

The above discussion is intended to highlight the
various techniques that have been used to measure tﬁe

relaxation time, as well as to point out the dégree of
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arbitrariness that exists with respect to the definition of
the ionization relaxation time.

As far as Xenon is concerned, the pertinent parameters
of the previous experiments have been summarized in Table 2,
including the diagnostic techniques used to determine the
relaxation time. The present experiments are also included
in Table 2.

For tﬁe present experiments it has become convenient
to define two relaxation times, To and T%. Both refer to
ionization relaxation behind the incident shock and both are
indicated in figure 18. To is the time from the shock
front to the onset of the main burst of continuum radiation.
'r;i is defined as the time from the shock front to the time at
which half the peak intensity is attained.

In the 6" shock tube experiments the relaxation time
was measured at least three different ways on each run. At
one station a photoTultiplier monitored the Wavelength;
integrated luminosity profile behind the incident shock
- wave. At a second station a monochromater—photomultiplier
combination was used to observe either a strong XeI line or
a narrow region of the visible continuum. As discussed in
Part 2 of this thesis the thin-film heat transfer gauges
used to monitor the shock velocity also provide a measurement
of the relaxation'time Toe Since two heat transfer gauges
were used to determine the shock velocity this actually

provided two measurements of To ON each run. Additionally,
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a pressure gauge of the type described by Baganoff (Ref. 22)
was mounted in the endwall of the shock tube, and although
the gauge measures the pressure history behind the reflected
shock, under some conditions it is possible to infer the
relaxation ;ime behind the incident shock (for details of
this experiment and the associated theoretical,analysis.
see Ref. 23).

For thé relaxation time measurements in the 17" shock
tgbe.only the monochromater-photomultiplier syétem and the

thin-film heat gauges were used.
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IV. EXPERIMENTAL DETAILS

The GALCIT 6" shock tube is constructed of stainless
steel and has an internal diameter of 6". The driven
section is 37' long. For these experiments Helium and
Hydrogen were the principal driver gases used, although in
a few cases the Helium was diluted with Nitrogen to generate
some intermediate strength shocks. Research grade Xenon
supplied by the Linde Company was used. Before introducing
"the‘Xenon for each run the driver section was diffusion
pumped to a base pressure of at least 0.3 u'Hg, which was
measﬁred with a McLeod gauge. For additional details on
the design and construction of the shock tube see reference
23.

Figure 19 is a schematic of the endwall regionlof the
6" shock tube, showing the arrangement of the diagnostics.
The monochromater, positioned 20 cm from the endwall, was a
Jarrell-Ash 0.5 meter Ebert (Model 8200), with a 1P21 photo-
multiplier at the exit slit. 'The photomultiplier was
typically oﬁerated at 700-800 v, with a 30 Kan output resistor.
When monitoring a Xenon line profile the entrance and exit 4
slits of the monochromater were .02 mm wide (0.32 A). Both
slits were opened to a width of 17.6 A when the continuum was
observed. Neutral density filters were‘used to reduce the
incoming light level when operating at the higher pressures
and Mach numbers.

As indicated in figure 19, the monochromater was
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located at the same axial position as the second thin-film
gauge, providing a positive reference as to when the shock
wave passed the monochromater. The accuracy of the
continuum relaxation time measurement was thereby increased
since it was not always possible to locate the shock front
on the continuum intensity oscillogram. This is because at
high pressures and high shock Mach numbers the main part of
the continuum signal becomes much more intense relative to
the short burst of luminosity at the shock front, and with a
sensitivity sufficient to resolve the peak of the main burst
of continuum radiation, the shock front is quite often not
resolvable. 1In addition, since the sidewall gauge also
provides a measurement of the relaxation time (see Part 2

of this thesis), it was possible to compare the relaxation
time measured by two different techniques at the same axial
position in the shock tube.

The photomultiplier tube (931A) which monitored the
wavelength-integrated light was positioned 10 cm from the
shock tube endwall. The same power supply was used for
both this tube and the photomultiplier on the monochromater.
Consequently they were both operated at the same voltage for
each run. A lKa output resistor was used for the integrated
light measurements. |

The shock Mach number was determined by measuring the
transit time of the shock wave between the two thin-film

heat gauges located 20 and 70 cm from the endwall.
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Normally the output of these gauges is amplified and fed
into an electronic counter which records the transit time.
However, for operation at high shock Mach numbers it is
difficult to make a good measurement of the transit time
due to non-reproducible triggering of the counter (this

is discussed in Part 2). In the present measurements the
unamplified output of the heat gauges was displayed on an
oscilloscope and the transit time was measured directly
from the resulting oscillogram. This introduces two sources
of error. First there is the limited accuracy with which
the transit time can be measured by eye;, and second is the
limited accuracy of the sweep'speed of the oscilloscope.

It is estimated that the shock position can be determined
from each heat gauge signal within 2 psec when the transit
time is on the order of 250 pusec. This corresponds to a
maximum error in the transit time bf less than 2%. When
the transit time is less than 200 pysec (Ms>l4) each signal .
can be read with a maximum error of 1 pysec and a total |
error in the transit time of approximately 1%. The sweep
speed of the oscilloscope (Tektronix 555) is accurate to
3%. The maximum transit time error is therefore 5%, and
by comparing the transit time measured with the counter
(for a condition where the counter can be used accurately)
with that measured from the oscillogram, it is found that

the difference is generally less than 1%.
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The shock tube windows used for the continuum and
integrated luminosity measurements were Pyrex cylinders
5/8" dia. x 1%" long. The front face of the windows was
concave, with the same radius of curvature as the shock
tube. The rear face of the windows was plane. For both
measurements a multi-slit system was used to provide
sufficient axial resolution (in the 17" shock tube experi-
ments an additional slit was introduced by éVaporating a
thin film of platihum'over all but a narrow Veftical slit

of the front face of the window).
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V. RESULTS

The results of the present measurements of the
ionization relaxation time in Xenon are presented in
figure 7 in which plT% is plotted versus the.shock Mach
number. Both the 6" and 17" shock tube data are presented.
As noted in section 4.la of this thesis, the present results
indicate a strong dependence of plT% on the magnitﬁde,of Py
For example, at Ms = 12 the value of plT% for p; = 500 u Hg
is more than five times larger than the value of plT% at
the same Mach number and p; = 50 u Hg.

The observed behavior is attributed to the presence of
impurities. Whether they are predominantly volume impurities
due to outgassing'of the shock tﬁbe (see Refs. 13 and 24),or
surface impurities due to the relatively dirty walls of the
shock tube is not completely clear, although the former is
believed much more likely.

The duration of regime I, in which atom-atom
collisions dominate the production of electrons, is limited
by the time at which enough electrons become available to
take over the ionization. If some impurities are present
with relatively large Xenon-impurity inelastic collision
vcross—sections the atom-atom regime could be shortened
markedly, with a resulting decrease in the relaxation'time.
If an approximately constant impurity level is assumed in

the shock tube, independent of Py~ then one would expect
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impurities to play a more dominant role at lower initial
pressures. Therefore, at any Mach number, smaller values

of P17y, would be predicted for the lower values ofjpl. This
is the behavior exhibited by the present results. Also, the
impurity effects should be biggest at the lowest Mach
numbers, since at high shock Mach numbers the relaxation
time is gett%ng so short that the magnitude of the rélaxation
time is no lépger dominated by the extent of regime I. Con-
sequently, less of a dependence of plT% on py is expected

at high Mach numbers. This trend is also observed in the
present experiments.

These éffects are not as apparent in the previous
experiments for several reasons. In the first place the
shock Mach number and initial pressure ranges were too
narrow. Secondly, because of the small size of the shock
tubes used it was necessary to run at‘rélétively high
initial pressures or else the relaxation time would be'
longer than the test time, and as is evident from the
present measurements these effects are much more apparent
at low initial pressures. Thirdly, in the previous experi-
ments runs were not made at a constant initial pressure over
a wide range of Mach numbers which again makes these trends
more apparent. In spite of these reasons, the original data
of Turner do indicate a dependence of p;T on p;, even over
the narrow range of his experiments. For M, = 9, the ratio

of the measured relaxation time at Py = 5 mm to that at
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p; = 20 mm is 2.25 instead of 4, and at M, = 9.5 the ratio
is 3 instead of 4 (note also that the ratio is increasing
with increasing Ms' as predicted).

As was noted earlier (see Table 2) almost all of the
previous experiments were at values of Py greater thén
0.75 mm Hg. It is therefore interesting to.compare the
results of Turner and Gloerson with the present measure-
ments, only using the data from the present experiments
corresponding to initial pressure greater than 0.75 mm Hg.
It was noted in Turner's thesis that subsequent measurements
of his with purer Xenon resulted in relaxation times five
times longer than his original values. In the present
comparison the values given in Turner‘'s thesis have been
maltiplied by a factor of five. The results of this com-
parison are plotted in figure 20. In view of the different
definitions of relaxation time used in each of the experi-
ments and the different shock tube sizes, as well as the
other obvious differences in initial conditions and
techniques, it is felt that in the limit of high pl the
results are in surprisingly good agreement. It must be
emphasized that the highest Py used in the present experi-
ments was 1.5 mm Hg whereas Turner's results are for initial
pressures between 5 and 20 mm Hg, and Gloerson's results are
for initial pressures between .78 and 1.20 mm Hg.

Also included in figure 7 are the ionization relaxa-

tion times measured in the 17" shock tube. The :esults are
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plotted for initial pressures of 25, 50; and 100 u Hg of
Xenon, in the Mach number range of 1l1.5 to 14.5. The 100 u
shots agree quite well with the 100 p curve from the 6"
shock tube.g The relaxation times for Py = 50 4 Hg are

2 - 2.5 times longer than the corresponding 6" shock tube
results. Th%re is no 25 y curve for the 6"fshock tube

but it is seen in figure 7 that the 25 . results from the

17" shock tube lie above the 50 u curve for the 6" shock

" tube.

If the dependence of plT% on the magnitude of Py is
considered in terms of volume impurities due to outgassing
of the shock tube, then the magnitude of the effect should
be inversely proportional to the volume-to-surface ratio of
the shock tube. The 6" and 17" shock tubes are similar in
construction%and materials, with the volume-to-surface
ratio 2.85 times larger for the 17" shock tube. Therefore
at low initial pressures there should be less of an impurity
effect in the 17" shock tube and the relaxation times should
be longer than the corresponding values for the 6" shock
tube. This is seen to be the case for Py less than 100 u
Hg of Xenon.

Figure 21 is a presentation of typical wavelength-
integrated, line, and continuum radiation oscillograms for
a M, = 13.6 shot into 50 i Hg of Xenon. The line profile

oscillogram (Xel 4624 A) is 'seen to return quickly to zero
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intensity after the passage of the main signal, whereas the
continuum and integrated-wavelength oscillograms indicate a
subsequent burst of radiation, which is believed to be
associated with the arrival of the contact surface. The
origin of this luminosity was not investigated in detail,
but is apparent from the XeI 4624 A profile that it is not

due to Xenon line radiation.
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APPENDIX B

EQUILIBRIUM ELECTRICAL CONDUCTIVITY

For a completely singly ionized gas in thermal
equilibrium the electrical conductivity as given by Spitzer

and H4rm (Refs. 17 and 25) in cgs units is

3/2
s = —0.591 (kT) , (B-1)

L2
m, ‘e En(h/bo)

‘where k is Boltzmann's constant, m, is the electron mass,
e is the electronic charge, and T is the temperature. bo
is the impact parameter at which a positive}ion deflects
a mean-energy electron by 90 degrees, and h is the bebye

shielding distance,

2
bo = 3§$ and h2 = ——52—5 . (B-2)
. 8ﬂnee' :

where n, is the electron number density. Putting in the
numerical values of the constants and the appropriate

conversion factor leads to

v

_ 1.54 x 10~% 73/2

d = log(h/b_)

1

mho cm (B-3)

This conductivity is frequently referred to as 04 since
its calculation is based on the assumption that the electron
mobility is determined solely by distant encounters with

the ions.
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If a slightly ionized gas of rigid sphere molecules
is considered, in which the electron mobility is dominated
by close encounters between the electrons and the neutrals,

the conductivity in cgs units is

2
= 0.532 ae ’ (B-4)

°© (mek'r)!'i Q

Q is the electron-atom collision cross section and a is
the degree of ionization (Ref. 26). Again, inserting the

constants and a conversion factor leads to

o = 3.84 x 10°10 _g; mho cm T . (B-5)

[e] QTZ
In many experiments the degree of ionization is such
that neither limit strictly applies and for this inter-
mediate regime it was proposed by Lin, Resler, and

Kantrowitz (Ref. 17) that the conductivity be approxiﬁated

by

1 1
=== 4 == , (B-6)
% %a

Q |+

The above equation simply says that the total resistivity
of the gas (1/0) is equal to the sum of the resistivity
due to close encounters between the electrons and the
neutrals, and the resistivity due to distant encounters

between the electrons and positive ions.
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Experience has shown that equation (B-3) for 03 is
applicable even for substantially less than full ionization.
In fact even for degrees of ionization as low as 1% (and |
‘lower), the conductivity isstill dominated by the contri-
bution due to the distant encounters.

When the assumption of thermal equilibrium is
applicable the electron number density and/or the degree
of ionization is determined from Saha's equation, which can
be written in the form (Ref. 27)

T;

2 Newtons g+ge>T5/2 Ny
e - (B-7)
(Meter) 2 (°K) 5”]( 91/ *

2

r = {3.35 x 10™

2
1-—c+

C

'I‘i is the characteristic ionization temperature (i.e., the
ionization potential expressed as a temperature), and the
g's are the statistical weights. The subscripts +, e, i
refer to ions, electrons, and neutrals, respectively.

P

c, = Ei» is the ion-~mass-fraction and P is the total

pressure.

When the theoretically computed values of the con-
ductivity are compared with experimentally measured values
it has generally been found that the experimental values
are lower than those predicted by equations (B-1) -~ (B-7) by
30-50% (for a survey of éxisting results in shock-heated
Argon see reference 18). Of particular interest are the

Argon experiments of Lin, Resler, and Kantrowitz (Ref. 17).
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Their conductivity results are plotted in figure 8. The
darkened circles represent experimental values of the
conductivity obtained under conditions in which the shocked
gas had attained ionization equilibrium, and the results
agree quite well with the theory summarized in this appendix
(as indicated in figure 8, these points also happen to
correspond to degrees of ionization high enough that the
conductivity is determined predominantly by distant
encounters) .

The open circles in figure 8 represent experimental
values of the conductivity for conditions under which the
shocked gas is still relaxing. In the temperature range
of 5000-8000°K the measured conductivities ate as much as
two orderé of magnitude lower than the theoretical values
predicted by the equilibrium theory. A theoretical calcu-
| lation of the electrical conductivity of this slightly
-ionized, relaxing gas is discussed in section IV of this

thesis and the results are plotted in figure 8 (the line

O,) -
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EXPERIMENT MS pl; mm Hg SHOCK TUBE | SHOCK TUBE DIAGNOSTICS
SIZE MATERIAL
Turner 8.5-11 5-20 Liux 53" Cold-drawn | Wavelength-integrated luminosity;
Ref. 11 ~ 8 8 steel time resolution provided by
(1956) ' rotating drum camera
Roth and * Stainless Continuum radiation intensity;
Gloerson , L steel/ time resolution provided by
Ref. 12 8-11 0.5-4.0 1" I.D. Pyrex spectrograph~photomultiplier
(1958) : combination
|Gloerson 10-12 .78-1.20 2" 1.D. Stainless (1) Time-resolved spectroscopy
Ref. 13 steel/ both continuum and line radiation
(1960) Pyrex (2) Wavelengenth-integrated lumi-
_ nosity; light-pipe, photomulti-
plier combination

Klein and {10-20.6 .05-1.5 6" I.D. Stainless (1) Time-resolved continuum
Smith steel intensity
GALCIT 6" (2) Wavelength-integrated
Shock Tube luminosity
(1966) (3) Thin-film heat gauges

‘ (4) Endwall pressure gauge
Klein 11.6-13.6{.025-.1 17" 1.D. Stainless (1) Time-resolved continuum
jecALciT 17" steel intensity
Shock Tube (2) Thin-film heat gauges
(1966)

Table 2.

* Friedman and Fay have extrapolated these results to MS

Summary of Ionization Relaxation Time Experiments in Xenon

= 20 (Ref. 16)
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(a) 4 psec after breakdown.

{(b) 10 usec after breakdown. -

Figure 3. Kerr cell pictures of 6" diameter inverse
pinch with no top electrode. Initial
pressure 2 mm Hg of Argon. Capicitor bank
voltage 12 KV. Exposure time .05 p sec.



67

1 4
EXPANSION
WAVE f Z t
' CONTACT g B !
SURFACE U
® (PISTON) R
7 @
tz-_ // 72
///'/// Us |
@ SHOCK ©
Lo
X
ELECTRODE
DIAPHRAGM — t=0 N
(HIGH ) : :
Py PRESSURE P, (LOW PRESSURE) ]
ENDW%LLES
INVERSE
t=t, PINCH
T |
} RS R
INCIDENT
SHOCK
t=t
i Ug<l
U ac—
} ® - B

Figure 4. x~t diagram for combined shock tube operation.



68

RELAXATION A ¢
\ZONE©

T ——"
CONTACT 77 'ZONEQ@
7 Up
Ve

SURFACE
| y /@
// edl -
v ’//,/ 4://////, X
f=12‘l
H i
i bt
® @ T
. i
SHOCK
t=1,
g i
L Ug e
€) UP—I""“ R ==
ERCHIES,

Figure 5. x-t diagram including ionization relaxation.



69

200~

100 |~
80 I~

60—

PTo, (mm— pu sec)

@
i

= ROTH AND GLOERSON N\
-—O-—= = FRIEDMAN AND FAY EQN. \0\
ol ——=— = TURNER N\
N
—=~— = GLOERSON

| | . | i | I e
v i . 12 i3
8 ) o] P“s

Figure 6. Previous relaxation time measurements in Xenon.




70 -

100
80
P vs M
60 |- A
IN XENON -
401
A =50u Hg :
20 0 = 100x Hg 6" SHOCK TUBE
o O = 500u Hg ‘
—_ ¥ = 254 Hg
@ o A =50u Hg 17" SHOCK TUBE
‘ | = IOO‘LL Hg
::LB.Oif» '
E
Eeo -
o |
a40b
2.0 -
1.0
6
] I [ 1 J
i0 12 14 16 {8 20
Mg

Pigure 7. Ionization relavation times in Xenon.




71

.
10 — : .
- SPITZER AND w:o'/
-~ HARM
T n
£
(&)
O — .
-E — ,/I, -
5 F \0'* (SECTION 4.2)
> -
=
S "
'— ae
S ik SPITZER AND HARM
= = PLUS CLOSE ENCOUNTER
o = RESISTIVITY
O -
_J -
<
Q - |
Eo. s EQUILIBRIUM REACHED
o 10 =
L o o  EQUILIBRIUM NOT REACHED
w - [ RANGE OF AccurAcy
102 | | | | i |
4 6 8 10 12 14 16

TEMPERATURE, °K X 1072

Figure 8. Electrical conductivity of shock-heated Argon
for Py = 1 om Hg (Ref. 17).



72

|O—IO
e
z M
- R M
FOR XENON
lo—lL..
_
..i" lo-IZ _—
= -
~
6*
[a-]=MHO~~cm"l
10713 |— *
- ‘[N,] = NO./cm® = INITIAL NUMBER
B | DENSITY
[t ]+ sEconDs = LAB. TIME AFTER
- ' SHOCK
go-l4 T
| { | | | ] | |
7 8 9 10 IMgl2 3 14 15 16

Figure 9.

Relaxing gas conductivity ¢, in Xenon.




TIME, (n sec)

73 A

ARGON WITH
PRE -1ONIZATION

Ms= 7.1
INCIDENT SHOCK

/ / / Bg PROBES:
/ / O = MAX. SLOPE
- // / A = MAXIMUM
// / T = NULL
// / O = PRESSURE PROBE
- {/// 14 KV ;
4
/ ,
i | 1 l | l
5 | 2 3 4 5 6

RADIUS, (inches)

Figure 10. Pre-ionization in Argon behind the
incident shock. :




o

TIME, (u sec)
o

74

— ARGON WITHOUT
PRE ~IONIZATION
P‘=380F Hg

Bg PROBES:

O = MAX. SLOPE
B A = MAXIMUM
T = NULL
O = PRESSURE PROBE
B 14 KV
L1 | a | | l
5| 2 3 4 5 6

RADIUS, (inches)

Figure 1ll. Magnetic and pressure probe data without
pre-ionization in Argon.




N

75

ARGON WITH

PRE -IONIZATION
Mg = 7.8
REFLECTED SHOCK

e

— e wm— — T
MAX. SLOPE WITHOUT
PRE - IONIZATION

Bg PROBES:

O = MAX. SLOPE
A = MAXIMUM
// v = NULL
4 O = PRESSURE PROBE
15 KV

| | | | I I I

5 1 2 3 4 5 6
RADIUS, (inches)

Figure 12. Pre~ionization in 2rgon behind the
reflected shock.




TIME, (x sec)

I

e

o

76

XENON WITH
PRE -IONIZATION

Ms =12.0

INCIDENT SHOCK

By PROBES:
O = MAX. SLOPE
A = MAXIMUM
7 = NULL
O = PRESSURE PROBE
15 KV

! ! ! ] I

Figure 13.

2 3 4 5 6
RADIUS, (inches)

Pre~ionization in Xenon behind the
incident shock.




77

lO*.

\-

A\

XENON WITHOUT
PRE -IONIZATION

By PROBES:
O = MAX. SLOPE
A = MAXIMUM
¥ = NULL
0 = PRESSURE PROBE
15 KV

1 x | N | 1

o -
(Y]

3 4 5 6
RADIUS, (inches)

¥Figure 1l4. Magnetic and pressure probe data
without pre-ionization in Xenon.




TIME, (4 sec)

78

Figure 15,

(=

XENON WITH

PRE - IONIZATION
10— . Pl = 50p _

Mg= 11.8

INCIDENT SHOCK
9...__
8 |
7=
6 _—
‘5
4=

Bg PROBES:
‘0 = MAX. SLOPE
3 A = MAXIMUM
T = NULL
0 = PRESSURE PROBE

2/;“ 15 KV
1 | 1 1 | | 1

5 2 3 4 5 6

RADIUS, (inches)

Pre~ionization in Xenon behind the
incident shock.




TIME, (g sec)

79

e

XENON WITHOUT |

PRE -IONIZATION
1O Pl s |95f-l- Hg
9 |-
8 b
7 -
6 -
5
4 - Bg PROBES:

o = MAX. SLOPE
A = MAXIMUM
3 ¥ = NULL '
O = PRESSURE PROBE
15 KV

2):
’r ] { { 1 { |

S § 2 3 4 5

RADIUS, (inches)
Figure 16, Magnetic and pressure probe data

without pre-ionization in Xenon.




TIME, (4 sec)

80

HELIUM
15 KV
Mg = 3.1 PRE -IONIZATION
P, =150x HgJ INCIDENT SHOCK
P, =460u Hg WITHOUT PRE-IONIZATION g

A = WITH PRE-IONIZATION
O = WITHOUT PRE -IONIZATION

L1 i 1 ] i i

‘2 3 4 5 6 7
'RADIUS, (inches)

Figure 17. Pressure probe data in Helium with
and without pre-ionization.



8l

INTENSITY.

g TIME

FRONT '

2

(a) Relaxation time definitions.

R A VI T WD £34 WD 4TS s T 2 7 I WY Y 4 e 0 T e
W,

(b} 4945 % continuum. M, o= 15.65,
p, = 100 g Hg of Xendn. Sweep
r%te 10 p sec/cm, left to right.

Figure 18. Relaxation time definitions and typical
' continuum intensity oscillogram in Xenon.

.



MONOCHROMATER
PHOTOMULTIPLIER
COMBINATION

LLLLLL L7777 7777777 77777 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\J\J.!I.GQNVvVV\v: p

PORT ROTATED
BY 90° _

N

t

3" ‘
N 1 ‘e
©-¢ : -—(D——-- - - —0O—- R
THIN-FILM B 50cm . 7R
HEAT GAUGE -
27777 LLLLL L 77 T T 7 7 T T T2 T T T T 7 7 7 T T 7 T 7T T T T T 7T T T T 777 77—t 7Y
| B
TOTAL LUMINOSITY \v [ ENDWALL
PHOTOMULTIPLIER AND PRESSURE
SLIT SYSTEM GAUGE

Figure 19. Schematic of 4" shock tude di

_‘_ona ~&=- |Ocm-o=



300

200

Py7, (mm - u sec)
o
O

40

20

83

1)

PlT Vs MS
IN XENON
FOR P, 2 .75mm Hg

GLOERSON S\

TURNER X 5 , \

6" SHOCK TUBE

Mg

initial pressures.

Figure 20. Relaxation times in Xenon at high




84

‘\;\\x\;\\,anv A

Upper beam: Wavelength-integrated

luminosity 10 cm from

(a) endwall. Sensitivity
' ~1lv/em.

Lower beam: Xel 4624 A line 20 cm
from endwall.
; Sensitivity 20 mv/cm.

(b} Lower beam: Contiguum intensity at

4945 A, 20 om from
endwall.
: . Sensitivity 0.5 v/cm.

Figure 21. Wavelength-integrated, line, and continuum
. radiation. M, = 13.6, Py = 50 i+ Hg of Xenon.

Sweep rate 20 ysec/cm, left to right.



2. THE APPLICATION OF THIN-FILM HEAT TRANSFER
GAUGES AND FLUSH ELECTROSTATIC PROBES TO

PARTIALLY IONIZED FLOWS IN SHOCK TUBES



ABSTRACT

Previous shock ﬁube observations of "spurious"
signals in the output of thin-film heat gauges at Mach
numbers for which the shocked gas becomes partially ionized
are summarized. It is shown that these effects, and those
observed in the present experiments in Xenon, cannot be
explained in terms of a shorting gauge model. It is
demonstrated that the effects are due to the gauge acting
more as an electrostatic probe than as a heat gauge. Under
these conditions it is shown that the heat gauge provides
an accurate measurement of the ionization relaxation time
as well as still being useful for determining the shock
velocity. The thin-film is also operated as a flush
| electrostatic probe to measure the ion density in the shock
tube wall boundary layer, and the experimental results are
in good agreement with the theoretical predictions of two
solutions of the boundary layer problem: one based on an
approximate solution of the transformed boundary layer
equations, and the other based on the solution of the
équivalent Couette flow problem. The applicability of
these solutions is found to be limited to conditions for
which the ionization relaxation time is either very long
or very short. kBecause of the computational simplifications
involved it is seen that the Couette flow solution is

preferred under most conditions.
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I. INTRODUCTION

For the past decade thin-film heat transfer gauges
(sometimes called resistance thermometers) have been widely
used as a standard shock tube diagnostic tool. They have
been used with considerable success to measure transient
surface temperatures, to measure shock wave speeds, and to
determine the transition from laminar to turbulent flow in
boundary layers (see, for example, Refs. 1-3).

With respect to each of the above applications it
has universally been noted that af shock Mach numbers high
enough to produce even very small degrees of ionization
various "spurious" electrical signals appear in the output

" of the gauges (Refs. 4-6). The spurious signals tend to
interfere with the actual signals and have made it difficult
to use these gauges in cases where the shocked gas becomes
partially ionized. 1In the heat transfer studies of Marrone
and Hartunian (Ref. 5) it was found that by insulating the
surface of the gauge with a thin coating of Sio2 the
undesirable signals could be effectively eliminated for
shock Mach numbers up to 14 in Argon. The coating doeé
result in an increase in the rise time of the gauge, which
becomes a significant factor ﬁhen these gauges are used to
measure high shock velocities.

The presént interest in the problem of the nature of

these "spurioﬁs" signals was stimulated by the difficulties



encountered while using thin-film gauges to measure the
shock velocity in Xenon at Mach numbers of 10 to 20.6 in
both the GALCIT 6" and 17" shock tubes (see also Appendix A,
section IV of Part 1 of this thesis). Normally the shock
velocity iéfdetermined by measuring the transit time betwéen
two gauges separated by a known distance. The gauges are
mounted flush with the sidewall of the shock tube. The
gauge outputs are amplified and fed into an electronic
counter which records the transit time. Due to the nature
of the interfering signals it became extremely difficult to
achieve accuréte and reproducible triggering of the coun;er,
resulting in errors in the measured shock velocity. Alter- ‘
natively, the gauge outputs were dispiayed on an oscillo~
scope and the transit time was measured from the resulting
oscillograms.
By observing the oscillograms of the gauge outputs
over