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ONE-DIMENSIONAL FLUID FLOW PRODUCED BY CONFINED SPARKS
CHAPTER I
INTRODUCTION

Common experiences ranging from witnessing a thugder
storm to combing one's hair demonstrate that one of the
prominent features of the spark discharge is the conversion
of electriceal energy into sound energy. Quite often sparks
are audible even though they are scarcely visible. The
earlZ investigators, A. Toepler,1 }.'.ach,2 Dvorak,3 M. Toep-
ler, and Foley, studied the shock waves or large amplitude
sound pulses produced by unconfined sparks at atmospheric
pressure, but it appears that few if any have studied the
plane shock froants one would expect to be produced by allow-
ing espark heated gas to expand in only one direction. Such
a study could certainly be made more complete than a4 similar
study with unconfined sparks.

About 19Lh5, Rayleigh and Zanstra7 discussed certain
non-shock aspects of an experiment performed by Rayleigh in
which an electrical current was passed through part of a low

pressure gas confined to a discharge tube designed to allow

t¥.» discharge heated gas to expand unicdirectionally into
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that region of the tube which was not Iin the current path.
With experimental conditlons similar to Rayleigh's, one
often observes that the heated gas first becomes brilliantly
luminous and then that the luminous reglon expands into the
portion of the discharge tube which is not directly 1in the
current's path. Throughout the expansion, which often con-
tinues after the currenp has ceased, it does perhapé seem
rlausible that the luminous gas 1s simply the gas which was
initially heated by the electrical curfent; however, this |
hypothesis 1s by no meens obvious. The 1idea here expressed
can be rephrased by asking if there is a non-diffusional
flux of gas across the front of expanding luminosity or by
asking if the expansion velocity of the initially heated
gas coincides with the expansion veloclity of the luminosity.
Now under certain conditions, a thin front of luminosity
preceds the main body of expanding luminosity, and under
8till other conditions the entire luminosity does not appear
to expand at all but rather to move as a siug down the ex-
pansion chamber. The question posed in this paragraph is
particularly pertinent when the Rayleligh phenomenon takes
either of the iast two forms,.

The genéral problem of this thesis is one of examining
the role of shock waves in electrical discharges similer to
Reayleigh's, with a hope of explaining the time and positicn
variation of the emitted luminosity. Attention will be

focused on answering the questicn of the previous parégraph
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by the methods of mechanics. Other methoés, as for instance
cne based on the Doppler effect, will be considered in refer-
ence only.

Since 1948, the Rayleigh phenomena has been studied
by numerous researchers working in collaboration witﬁ Fow-

8,9,10,11 12

ler. Goldstein first observed the reflected
luminous fronts Khicn were 3tudied 1n greater detail by
Compton.13 Leel verified some of the experiments of Ray-
leigh and perfected the rotating mirror camera used in study-
ing the motion of the luminous fronts. Clotfelter,15 At-

16 17 18 19 20
kinson, Marks, Kleider, Rose, and Coleman have
studled the discharge spectrographically to obtain several
different types of infcrmation. For example, the Doppler
effect has been used to determine velocities, and the Holts-
mark theory cof Stark broadening has been used to yield in-
formation about 1on concentratinns in the discharge. In
addition, the spectrograms have yielded the usual infcrma-
tion about the dcgrec and extent of excitation for bcth pure
gases and gas mixtures. |

The recent incresse of interest in the field of
shock waves and compressible fluid flow is evident upcn l1o00k-
ing at the two hundred article bibliography given in Courant
and Friedrichs'! well known bcok,2] which even so does not
claim to contein a comprehensive bibliography of the recent

literature. About two thirds of the listed references have

veen published since 1940.
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A helpful description of shock tube operation given
by Geiger, Mautz, Hollyer, and Laporte22 was used alcng with
Courant and Friedrichs' book in forming & basic theory of
the Rayleigh phenomenon. Literature in the subfields of Wz
ionizing shocks and shocks in ionized geses Jis particularly
pertinent to a complete study of the discharge. In 1920
Einste1n23 pointed out that sound propagated in partially
dissoclated gases exhibits dispersion phenomena because og
the lag in establishing dissocistion equilibrium. Suits2
reported after analyzing experimental data, that dissociation
equilibrium was probadbly not attained behind the shock fronts
moving through the arcs he studied. Systemetic methods of
obtaining the thermodynamic properties of hot partially
dissociated gases by means of partition fgnctions have
helped Brinkley, Kirkwood, and Ricl'uardsson‘5 in constructing
the Hugoniot curve for alr under a2tmospheric conditions.
Resler, Lin, and Kantrowit226 gave s3imilar information for
argon at several different pressures. Thelir results were
obtained by spproximating the actual thermodynamic propecrties
of argon by the properties of a Saha gas. 1In the last two
pepers 1t was assumed that dissociative egullibrium is
achieved behind the shock front. w1lliamson27 has studied
the contribution of COuiomb interactions to the thermodynamic
properties of a completely ionized gas under solar conditions,
but as yet, the shock and fluid flow consequences of the

Coulomb interactions, as they contribute to thermodynamic
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properties, has hardéy been studied at all. Late in 1951
Dennisse and Rocard2 considered a somewhat different Coulomb
produced effect acsocliated with a shock's passage through an
ionized gas. In their paper it is suggested that the origin
of intense solar radio emission lies in the plasma oscilla-

tions promoted by the shock's existence.
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CHAPTER II i

GENERAL DESCRIPTION OF THE DISCHARGE "
AND THE EXPANSION PROCESS

Several styles of the discharge tube are sultable
for producing the Rayleigh phenomenon; however, the various
tube styles all have the functional similarity of possessing
an expransion chamber and a heatlng or compression chamber,
The glass or plastic tube from which both chambers are con-
structed usually has a diameter between 5 and 30 mm and is
ordinarily gas filled to about 10 mm of Hg pressure. His-
torically the compression chamber described by Rayleigh was .
loop shaped so that the gas could be heated by electromag-
netic induction of energy from a nezrby oscillating circult;
however, a compression chamber with electrodes may also be
used to permit more easlly made measurements of the energy
delivered to the tube. When electrodes are used with a 10
cm separation, approximately 10 joules of energy may be
delivered to the tube by connecting 1t to a 15/yfd capaclitor .
previously charged to 4000 volts. Within S/useconds the
current rises to about 5000 amperes, and within 20/ﬂseconds
the current has usually decreased to a negligible value.

During the discharge the entire compression chamber becomes
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luminous and, as time progresses, more and more of the ex-
pansion chamber tecomes luminous. Even after the current
has subsided, Ene iluninosity continues to advance at ap-
proximately lOJ cm/sec for a total distance of perhaps 20 cm.

In order tq continue this gescription of the luminosity
motion, 1its qualitative similarity to gas flow in a conven-
tional diaphragm shock tube will be noted.

In an ordinary shock tube after the rupture of the
diaphragm separating the two pressure regions, a shock wave
forms 1n the low pressure gas and moves throuzh this gas
leaving in its wake a region havirng a uniform pressure inter-
mediate to the two initial pressures. In certain cases this
pressure plateau may extend back into the compression chamber.
Behind the shock 1in this region of uniform pressure the gas
has a flow velocity somewhat less than the supersonic shock
velocity U. The contact surface, the boundary between the
gas initially present in the compression chamber on one side
of the diaphragm and the gas originally present in the
expansion chamber on the other side of the dliaphragm, dilvides
the region of uniform pressure and flow veloclty into twe
subregions which differ in both temperature and specific
volume. Some distance behind the contact surface lies the
rarefactlon wave, the pressure transitlon zone of finite
thickness 1n whilch pressure and flow veloclity vary with po-
sition monotonically and continuously. At the head or high

pressure end of the rarefaction wave back in the compression
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chamber the pressure is the initial compression chamber
pressure and the flow velocity is zero. The qualitative
description of the early state of affairs in the shock tube
is completed by remarking that the gas at each point in the
compression chamber is undisturted by the breaking of the
diaphragm until the head of the rarefaction wave, moving
with local sound velocity, arrives at that point. Later
phases of the flow pattern are marked by reflections of the
shock and the rarefactlion waves and the subsequent inter-
action vetween reflected fronts and advancing waves.

Returning now to the Rayleigh phenomena, we can observe
many clues indicative of the shock tube behavior outlined
above with photographic techniques alone. First of all,
under certain conditions 1t is possible to recognize two
distinct fronts of luminosity moving down the tube even
when the electrical discharge 18 aperiodic. These two fronts

differ in brilliance and velocity, and may be 1ldentified as

a shock front and a slower contact surface. Under octher condi-

tions the luminosity advances as a single front whose velocity
may be reversed by placing a piston in the expansion chamber.
Sometimes this reflection occurs without the luminous fronts
even reaching the piston. When the reflection occurs in

this fashion, one may tentatively identify the luminous front
as a contact surface preceded by a non-luminous shock which
actually does reflect at the piston surface. It 1is this

receding shock that then meets the advancing luminsus front

-
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9
and reverses the flow velocity of the luminous ges. 1In
those cases in which there 1s only one luminous front and
this front does reach the piston before reflecting, con-
sistent use of the shock tube model would lead one to iden-
tify the luminous front as the shock 1itself, followed by a
non-luminous contact surface. Observed luminous fronts
that start at the piston in the expansion chamber and move
toward the compression chamber may actually be shocka which
start out at the compression chamber and only become intense
enough to excite the gas after reflection from the piston.
It 1s well known that the temperature behind a reflected
shock 1is considerably greater than the temperature behind
the same shock before reflection.

Th2 correctness of the identification hypothesis
above, indicated by purely qualitative evidence, can be
substantially verified quantitatively by determining the
velocity U of the hypothesized non-luminous shocks and by
using this velocity U to compute the accompanying gas flow
velocity u¥*, which can then be compared with observed
luminosity velocities u. These measurements and computations
were made and th.y will be discussed after first obtaining

the formula relating shock and flow velocities.




CHAPTER III

THE RELATIONSHIP BFTWEEN SHOCK AND FLOW VELOCITIES IN THE
PRESENCE OF SHOCK-PRODUCED IONIZATION

Consider a strong ionizing shock moving into an un-
icnized gas at rest. The shock imparts to the gas a flow

energy, an intern2l kinetlc encrgy commonly referred to as

random thermal energy of motion, and an internal potential

energy such as ionizational energy. For a monatomic gas a
relationship between the shock velocity U, the gas flow
velocity ul, and the specific internal potential energy w
produced by the shock will be found. The specific internal
energy e will be approximated by equation (1).

(1) e = 3pZ/2 + W
The shock conditions are given by equations (2), (3), (4),
and (5) in which the subscript 1 refers to the wake side

of the shock and the subscrint O refers to the other side.

(2) (U—ul)/fi = U/?b

(3) by + (U-u))2/7] = by + U /2
(1) (p1+pg) (Ty-T;) /2 = e,-¢g

(5) 8,-8,7 0

where p is the pressure, Tis the specific volume, and s is the

specific entrorpy. Since the gas 18 assumed to be un-ionized
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on the O side of the shock, ey will be given by 3p026/2;
whereas e, will be given by 3p121/2 + w. After eliminating
p, and 7&, replacing 5p026/3 by the square of the sound
speed ¢, and using definition (6), one obtains equation (7).

(6) at = 3(U-c " /U) /b

(N ul2 - utu, - w/2 =0

From (7) we see that u* is the flow velocity
behind a shock in a monatomic gas that does not acquire
internal potential energy when passed over by a shock having
velocity U. For a fixed value of u* equation (7? shows that
the flow velocity u, increases as the specific potential

1
energy w becomes larger. Thus we have ZXnequality (8).

(8) u > ur

Under certain conditions w might-be so iarge that the differ-
ence between ul and U would be undetectable. Formal substi-
tution shows u, 1s as large as U when w <3 as large as

1
2
u12/2 + 3c0 /2. Table I for argon initially at room tempera-

ture and a pressure of 1 mm Hg was constructed from the graphs

26
given by Resler, Lin, and Kantrowitz. The table shows how

the per cent of difference between the shock velocity U and

the flow velocity u. decreases as w the potential energy in

1
the form of ionization increases. 1In this table o¢is the
number of positive argon ions per unit volume divided by the
number of argon nuclei per unit volume. If the shock had

produced no ionization , squation (8) could have been used to
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show that the pewrcent of difference between U and uy would
have approached 28.57+:+ per cent as the shock velocity U
increased. It should be noted that equation (2) indicates
that the per cent of difference can never become zerc, 8ince

u1=U implies infinite compression by the shock.

TABLE I

PERCENT OF DIFFERENCE BETWEEN U AND v, FOR SHOCKS IN ARGON

Mach Number of= Mole Fraction of Percent of Difference

-

of Shock Shock Produced Ions Between U and u1
10 .01 27
12 .035 22
14 .09 17
16 .14 15

18 .21 13
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CHAPTER IV

DESCRIPTION OF EQUIPMENT

- ~

The construction of the discharge tube is shown in
figure 1. The polarity of the electrodes was found to affect
only the initial phases of the discharge even though the ex-
pansion avenue was unsymetrically located with respect to the
two electrodes. The electrodes were of brass machined to
make a smooth inner surface to the discharge tube, for it has
been found that minute surface irregularities can disturb the
velocity field.

The discharge tube was sealed to a glass vacuum
system consisting of an o1l diffusion pump, a Mcleod pres-
sure gauge, and flasks of helium, neon, argon, and xenon.
Pressure-ad Justing stopcocks permitted the introduction of
varicus smounts of these gases into the previously evacuated
discharge tube. All these gases were available spectrograph-
ically pure; however, He pressures of 29.5 and 91 mm of Hg
were obtained by using gas from a cylinder of grade "A" He.

In all the quantitative experiments electrical
energy was supplied to the tube by the damped discharge of
a 16.65/ufd capacitor through a circuit consisting of a

solenoid operated vacuum swiltch, the tube, a current measuring

13
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non-inductive resistance, a single turn loop used for
triggering a syncroscope sweep, and two damping resistors
incorporated in a resistance input T-section filter with
.1 yfd capacitors. The 16.6%/Afd capacitor was charged
to potentials up to 5000 volts by a power supplying circuit
that was disconnected before each discharge occurred. The
entire charging and discharging circuits were shielded from
the electrical circuits used in studying the discharge ac-
cording to the technique described by Clotfelter.29 The
capacltor potential was estimated to be knowa with an
accuracy better than T 74.

The time and pcsition variation of 1light output
during the dischargr were studied by using a rotating concave
mirror to image the length of the tube on a stationary photc-
graphic film. A synchronizing electro-optical system was
used to initiatc the discharge at the proper instant to
insure the recording of the tube image on the photographic
film. The mirror speed of 28.6 rps was measured by a binary
scaler with pulse counter and also by a tachometer. From the
mirrorgrams produced by this wave speed camera the veloclity u
of the advancing luminosity couvld be found quite readily by
using equation (9).

(9) u = 27.3 x 10“ tan?, cm /sec,
where 27.3 x lOu is a numerical factor found from mirror
speed, image distance of 115.1 cm, and obJject distsnce of

759 em, and ﬁis the angle between time axis of mirrcrgram
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and front whose velocity is to be found. This mirror system
has been described more fully by Lee and Fowler.

A Tektronix 514-D cathode-ray oscilloscope was used
to study many of the transient characteristics of tne dis-
charge. The National Bureau of Standards radio station WWV
was used to adjust a 100 kilocycle crystal-controlled secon-
dary standard that modulated the intensity of the electron
beam striking the oscilloscope 8s8creen. Usually the sweep
was initiated by the voltage pulse induced in a small one-
turn coil wound adjacent to a similar coil mentioned earlier
88 being included in the discharge circuit. By displaying
on the Y axis a signal proportional to the current through -
the discharge tube, the method of initiating the sweep was
found to be reproducible with time deviations from the mean
being less than t0.25 sec;

Standard photographic techniques were used in devel-
oping both the oscillograms and the mirrorgrams. A combined
measuring microscope and microprotractor was then used to
determine angles and positions recorded on the films. Angle
measurements were reproducible to %0.1 degree for the best
quality mirrorgrams while distances of 10 mm were often
reproducible to 0.1 mm. The photographic reproductions
of the oscilloscope trace contained a distortion due to
curvature of the cathode ray tube screen. Most of this
error was compensated for by the technique used in calibrating
sweep speeds, so that the error introduced here was less

than t7%. ‘ (



16

In as much as the non-luminous shocks were purely
hypothetical in the early stages of this research, a few
pages will be used in describing shock detectors and their
limitations. Nearly any colligative property of a gas such
as its index of refraction, temperature, pressure, electrical
conductivity, or density is discontinuous across the shock
and might be used as a basis of a shock detector; thus an
almost unlimited number of devices seem suitable. There are,
however, restrictive requirements which any detector for
shocks in the discharge tube should satisfy. First of all,
the device should have a response time not much greater
than a2 microsecond for shocks in low density gases. Secondly,
the device should not stop functioning after being exposed
to conductors carrying currents that rise to 5000 amperes
in less than 5 microseconds. Last of all, the device should
be effective in presence of a photon flux as intense as that
produced in the interior of a photoflash bulb. The last
requirement prevents the use of standard shadowgraph,
schlieren, and interferometric techniques in which no pro-
vision 18 made to shield the photographic plate from the
light which subsequently originates from the position where
the shock was to have been detected. Experience with the
rotating mirror also discouraged attempts to shield the
recording film from this later undesirable light by
directing the light away from that portion of the film ex-

posed by the shock's passage. The low particle densities
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also rendered dublcus the use of these optical methods.

Many experiments were made in which a glow discharge
served as a detector. The shock, in passing over a small
glow discharge, changed the discharge current and also the
light output; thus shock arrival times could easily be
obtalined, and therz was even some hope that such a discharge
might be calibrated co ndicate the density behind the shock.
The simplest detector built on these principles consisted
of two needle-like electrodes introduced through oopesite
sides of the discharge tube. Current chang2s in the 1 mm
long glow discharge between the tips of these electrodes
were converted by a load resistor into voltage changes,
which were applied to the vertical plates of an oscilloscope
triggered by the discharge of the 16.65/yfd capacitor supply-
ing energy to the shock tube. The response time was excel-
lent, but this feature was offset by many undesirable effects,
Photons from the main discharge apparently changed the operat-
ing characteristics of the detecting glow discharge either
by photoionization of the gas or by photoelectric effect on
the electrodes. Whatever the origin of the undesired signal
was, 1t invarliably arrived at the detector with no measurable
time lag. At times, this early signal was so severe that
the shock's passage at some laler time was not detectable.
Another shortcoming of this device was that for certain
shock strengths and initial specific volumes the detector's

current was increased while for other strengths and specific

P
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volumes the current was decreased. By placing the detecting
gap at various radial distences from the center of the tube,
the arrival time of the center of the shock was found to be
within a microsecond of the arrival of the outer edge of the
shock front. Further analysis of this device seems desirable,
since it may yield unique and valuable knowledge of the ex-
pansion.

An electrodeless discharge was also used as a detector.
This discharge was excited by a tuned-grid tuned-plate self-
biasing pushpull oscillator designed to be very unstable.
The grid blas developed by the circult depended upon the
amount of energy being delivered by the oscillator to the
discharge inside the shock tube.. This energy depended in
turn on properties of the gas which were changed by the
shock's psssage. The shock was often found to produce an
easlly detectable 50 volt change in grid bias. The device
had two advantages over other detectors arising from the
fact that it was completely external to the discharge tube.
The first of these was the ease with which the detector
could be moved to various positions along the expansion
chamber. Secondly, the device did not disrupt the flow;
consequently the shock could pass through the sensitive
region, be reflected by an obstruction, and then be recorded
upon passing back through the sensitive region. Altogether
four oscillators, ranging in frequency from 10 to 300 mega-

cycles, were constructed in an attempt to reduce the length
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of the sensitive region by confining the RF field to a
smaller volume inside the shock tube. 1In addition, variously
shaned conductors were placed in positions required by
Lenz's law to reduce the volume of the sensitive region.
These efforts were not very successful. Other discouraging
factors included tﬁe defects common to the glow discharge
with electrodes; namely, the discharge was photon sensitive,
and also the signal polarity depended on shock strength and
initial specific volume.

Some experiments were also performed to see how well
phototubes could supplement or even replace the wave speed
camera used for obtaining lumingus front velocities. The
expected shock or luminous front signal was nearly always
masked by an earlier signal thought to be caused by 1light
scattered from the glass walls, fluorescence of the walls,
or photoexcitation of the gas. Thils early signal could be
partially eliminated by using two photocells in a difference
circuit in which the subtrahend photocell was focused on the
wall alone, while the minuend photocell was set to recelve
the signal from the gas as well as the signal from the glass.
Studies with filters and also a monochrometer indicated that
a wave length discriminaticn of the early undesirable signal
and the later signal was possible. The fact that the early
signal was assoclated with the longer wave lengths favors
fluorescence of the walls as the cause of the early signal.
In experiments with a photomultiplier the large currents of

5000 amperes were found to produce magnetic fields that
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disturted the electron vaths within the photomultiplier and
thus to produce another undesirable signal.

A plezoelectric crystal was also tried as a shock de-
tector with very crude apparatus. The crystal required a
high gain amplifier to detect the feeble s8ignal generated
bty the shocks iIn the low density gas. Shielding problems
discouraged a thorough investigation of this detector's
potentialities.

The most satisfactory detector was found to be a
simple low impedance 40 ohm magnetic earphone converted
into a low response time shock detector by replacing the
diaphragm with C.002 inch iron shim stock. This detector
was placed in the tube so that its diaphragm completely ob-
structed any flow by filling the entire tube cross section.
The earphone was connected by a nylon cord to an iron counter
welght whose position could be changed with an exterior
solenoid even though the counter weight itself was inside
the vacuum s3ystem. With this arrangement, the detector's
position was known or could be set to the nearest millimeter.
A fleiible shielded wire connected the movable detector to
terminala leading outside of the discharge tube., As might
be expected, obJectivnal vapors were given off by parts of
this detector; and nearly a month of constant pumping was
needed to eliminate them. This shock transducer gave about
a five volt signal that was registered by the camera of the

oscilloscope. Multiple exposures with the camera could be
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distingulsned from single exposures by thelr blacliness alone,
thus the reproducibility of transit time was better than *.5
microsecond. FEven this detector, completely shielded as it
was, gave an unwanted but distinguishable carly siznal,
probably caused by a combination of photoelectric and electro-
magnetic induction effects. The magnetic transducer was also
used to produce a stopping signal for turning off a binary
counter chronometer. The abrupt rise in discharge tube
current was used to start the counter registering the number
of positive pulses generated by a one megacycle crystal-
controlled oscillator. Thus by simply reading the number
registered by the counter, one could obtain directly the
number of microseconds required for the shock to reach the
position of the detector. Pairs of these arrival times had
an average per cent of difference less than 7%. A functional
diagram of the counter chronometer is given in figure 2.
Shock velocities found with this transducer agreed with the
mirrorgram velocities of luminous frcnts that had been

qualitatively identified as shocks.
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Figure 1 Discharge Tube
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CHAPTER V
MEASUREMENTS

Throughout the tablec of data, positions along the
expansion chamber are measured from the electrode separating
the compression chamber and thre expansion chamber. The time
origin is much more arbitrary and varies from table to table,
from one initial pressure to another, and from one discharge
potential to another. Even though the time origin 1s some-
what srbitrary, information about the constancy of shock
velocity U and luminous front velocity u is still obtainable
from Tables II, III, IV, and V. In some cases, notably
helium pressures of 9.3 and 1.6 mm Hg, a deceleration of
the shock fronts 1s detectable, but usually éxperimental
error, arising in part from the wvncertainty of shock detector
position, masks any systematic deviation of the shock from
constant velocity. Over the most linear 1l2-cm-long regions
of time and distance plots constructed from these tables,
the scatter of data pcints 1is, on the average, small enough
to enable the detection of shock attenuations greater than

3 x 1072

km/sec per ysec for xenon and 6 x 10'“ km/sec per
psec for helium,

Information about the constancy of the luminous front

23
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velocity can best be obtained from Tables XI, XII, XIII,
X1V, and XV, whicnh give directly the velocity in kilometers
per cecond at various rositions along the expansion chamber,
Over the range of experimental conditions studied, the luminous
front velocity u decreased on the average to 3/4 of its initial
value in a distance of 10 cm. Over certain intervals the
velcecity u,in a few cases, seemed to increase s8lightly with
distance traveled by the front.

Tables II and IV, which give distance traveled by the
shocks as a function of time, were obtalned by using the
magnetic shock transducer and the calibrated sweep of the
os8cilloscope to measure the recorded shock arrival times.
These times are essentially the time intervals between the
initiation of the oscilloscope sweep and the arrival of the
shock at the detector. Discharge potential and initial gas
pressure affected the build up of current in the discharge
tube; consequently the time interval between the triggering
of the sweep and the instant of maximum current varied as
initial conditions changed. For the above reason no special
effort was made to keep the voltage sensitivity of the trigger
amplifier constant as initial conditions were changed. In
fact, at each new pressure and potential an effort was often
made to reduce the sensitivity of the trigger amplifier to
a minimum consistent with reproducible triggering. It was
through this technique that the arbitrariness in time origin

arose; nevertheless, the tables were used to obtain essential
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information ahout shock velocltlies and their constancy.

Table VI, which 2180 gives distance traveled by a
shock as a function of time, was obtained.by using the counter
chronometer. For the neon pressure of 155.5 mm Hg positions
were recorded to the nearest quarter centimeter. The times
ind‘cated in Table V are essentially the time intervals
betwrcen the triggering of the chronometer and the arrival of
the shock at the magnetic transducer. The triggering was-
accomplished by using the voltage generated in a small loop
placed close to the discharge circuit. No special effort
was made to place this loop in the same position for the
two sections of Table V; so that a certain arbitrariness in
time origin occurs again. For the neon pressure of 155.5 mm
Hg a shock velocity of 0.90 km/sec found with the chronometer
compares with a value of 0.93 km/grec obtained by timing tech-
niques using the oscilloscope.

Tables III and V, which give distances traveled by
the luminous fronts as functions of time, were obtained from
the mirrorgrams by using the measuring microscope to measure
distances. For the one case of xenon at a pressure of 1.6
mm Hg in Table III, a special effort was made to choose a
time origin ccincident with the time origin used in the
first section cf Table I. The time origins used in the
other sections of Tableé IIT and V are evident from in-
spection of the tables,

The shock velocitles in Tables VII and VIII came 1n
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part from Tables II and IV respectively. The rest of the
shock velocities in Tables VII an: VIII as well as all of the
velocities in Tables XIV and X were obtained by taking ad-
ditional measurements with the shock transducer and the os-
ciiloscope. The method used in taklng these measurements
was to find the shock arrival time at the two positions in-
dicated in the range column of the tatles. Usually two
or three measurements were made of eacn arrival time. Thus
each velocity in these tables 18 an average over'several
trials as well as an average over an approximate 10 ¢m
interval.

Tables XII, XII1I, XIV, and XV are the main tables.
Since the luminous front velocity was not too constant
throughout the cxpansion, the velccity was usually deter-
mined at several positions along the expansion chamber.
Equation (9) was ordinarily used to obtain these velocities,
but 1n some cases the velocities were obtained from Tables
III and V. The velocities obtained from Tables III and V
were not velocitles at a particular position but rather the
average velocities over certain intervals. The position or
range of positions corresponding to each velocity deter-
mination 1is indicated by a column heading or by parenthesis.
In Table X all but two of the velocities listed for helium
pressures of 15.3 and 7.6 mm Hg were obtained by interpola-
tion of . elocity measurements given in Table XI. This in-

terpolation tended to smooth the data and eliminate wild
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measurements. Graphical interpolation processes were applied
to nearly all the data in Tavles VIII, VII, IX, ard X, in
order to obtain the shock velocities at discharge potentials
for which the luminous front velocities were known. From
these smoothed-out or interpolated shock velocities, the
flow velocities u*, given by equation (6) were calculated.
The average room temperature of 33° C was used in computing
the sound speed substituted into equation (v). These flow

veloclties are 1isted in Tables XII, XIII, XIV, and XV.
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TABLE II

TIME AND POSITION RELATIONSHIPS FOR XENON SHOCKS

Time /(sec Position cm
59 5.8
61 6.9
T0 8.0
83 9.1
98 10.6

104 11.5
136 14.0
150 15,2
160 Pressure 1.6 mm of Hg 16.3
180 17.4
190 Potential 4780 volts 18.8
210 19.9
270 23.3
350 28.0
430 ST
500 36.3
560 4o.2
80 50.4
10 51.0
860 5343
920 550 [
1020 59.1
1130 63.1
1200 66.0
1260 68.0
1300 69.9
34 25
Ly 3.0
48 3.4
53 b.2
58 4.6
T4 Pressure 2.9 mm of Hg 5.8
89 g.O
106 Potential 3000 volts .2
122 9.3
132 10.3
150 11.7
170 12.8
190 14 .2
200 15.1
210 16.4



29
TABLE II--Continued

Time /asec Position cm
240 17.5
250 18.6
270 20.0

43 2.1
56 3.1
75 4.4
a7 5.7
114 6.8
136 8.3
150 9.1
170 Pressure 9.2 mm of Hg 10.3
200 11.8
210 Potential 3020 volts 12.8
230 13.8
250 15.4
270 16.5
290 17.8
31C 18.7
340 20.4
36 2.0
49 3.1
55 3.5
67 4.4
86 5.8
104 7.0
122 8.2
135 Pressure 5.5 mm of Hg 9.1
150 10.3
174 Potential 3020 volts 11.7
186 2.6
210 14.0
220 15.0
250 16 .6
270 17.6
290 18.8
310 20.0
65 2.2
90 Pressure 15.7 mm of Hg 4.5
132 5.9
180 Potential 3020 volts 9.2
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TABLE II--Continued

Time /«sec Position cm
220 11.7
270 4.4
300 16.2
370 19.1

53 2.0
73 3.1
Q7 4,5
140 £.9
118 5.7
180 8.0
18¢ Fressure 19.5 mm of Hg 9.1
210 10.5
230 Potential 3020 wvclts 11.6
260 12.9
290 14.3
300 15.2
320 16.3
370 18.0
380 18.9

390 20.0

e o s tt®
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| TAELE III
TIME AND POSITION RELATIONSHIPS FOR LUMINOUS FRONTS IN XENON

Time /usec Position cm
17T © 2.0
21 2.5
30 3.2
37 3.7
4y L,2
45 Pressure 1.6 mm Hg 4,2
55 4.9
5l 4.0
63 Potential 4630 volts 5.3
64 5.4

3 6.0

3 6.5
92 T.1
104 7.6
123 8.6
0.0 1.6
12.0 2.4
21.0 2.8
34 3.7
L3 Pressure 2.9 mm Hg 4.0
56 4.8
64 Potential 3020 volts 5.4
78 6.1
8€ 6.6
98 7.3
0.0 1.6
14,2 2.5
25 2.8
40 3.7
46 4.1
62 Pressure 5.5 mm Hg 4.8
5.3

gg Potential 3020 volts €.1
97 6.5
112 7.2
138 8.5
150 8.8
160 9.6
18C i0.1

" ¢ ———— e
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TABLE III--Continued

Time /asec Position cm
0.0 1.6
15 2.5
23 2.8
44 3.7
55 4.1
T2 4.8
83 Pressure 9.2 mm Hg 5.3
99 6.1
109 Potential 3020 volts 6.5
126 T.2
139 5.7
160 .5
170 8.8
190 9.6
210 10.1
220 10.8
.0 Lol
18 Pressure 15.7 mm Hg 8.5
31 8.8
52 Potential 3020 volts 9.6
T2 10.1
89 10.8
0.0 1.6
25 2.5
45 2.8
65 3.7
T7 4.1
99 Pressure 19.5 mm Hg 4.8
118 5o
139 Potential 3020 volts 8..d
i50 6.5
170 T.2
200 Wt
210 8.5
220 8.8
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TABLE IV

TIME AND POSITION RELATIONSHIPS FOR HELIUM SHOCKS

Time /asec

Position cm

19
22 Pressure 1.6 mm Hg

26
29 Potential 3020 volts

33

13.5 Pressure 1.6 mm Hg
22 Potential 3020 volts
25 New Time Origin

31 Potential 4680 volts

26 Pressure 5.45 mm Hg

c4 Pressure 9.3 mm Hg

29 Potential 4680 volts

¢« o o o

* e

OO O = OO\ NWO-IO &

. .

O OO0\ =PV OVW oW &

N e

- 9 e o e

. G Mg - .t P WP 4



34
TABLE IV--Continued

Time /aeec Position cm
15 4.3
pR°) 5.6
21 6.9
24 8l
2y 9.2
28 Pressure 15.3 mm Hg 10.5
31 11.6
34 Potential 4680 volts 12.8
36 13.9
4o 15.4
4y 16.6
L6 17..6
4g 19.0
52 20.3
25 4,2
28 5.6
33 6.6
38 8.0
43 9.1
48 Pressure 28.1 mm Hg 10.5
54 11.7
59 Potential 1570 volts 12.7
64 14.0
70 15.4
75 16.5
T9 17.5
84 18.8
Q1 20.2
17 3.2
20 4.4
25 5.8
28 6.8
34 8.1
37 2.3
41 Pressure 28.1 mm Hg 10.6
46 11.8
50 Potential 3020 volts 12.8
53 14.0
59 15.4
63 16.5
T4 16.0
78 20.3
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TABLE IV--Continued

Time lasec Position ¢m
30 902
34 10.6
37 11.6
42 Pressure 28.1 mm Hg 12.8
45 14,1
49 Potential 4680 volts 15.4
52 16.4
57 17.6
61 18.9
65 20.1
18 4.5
25 8.0
39 Pressure 51.3 mm Hg 10.5
47 12.8
56 Potential 4580 volts 15.3
64 17.6
T2 20.1
27 5.6
34 8.0
43 10.3
49 Pressure 51.3 mm Hg 11.8
58 14.0
67 Potential 3020 volts 16.4
73 17.6
76 18.9
82 20.1
27 Sesil
36 8.0
L7 Pressure 61 mm Hg 10.6
56 12.8
66 Potential 3020 volts 15.2
5 17.6
84 20.1
23 53

il Pressure . mm Hg 8.1
0 10.5
47 Potential 4680 volts 12.8

e it
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TABLE IV--Continued

Time Bec Position cm
58 15.3
67 17.6
75 20.1
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TABLE V
TIME AND POSITION RELATIONSHIPS FOR LUMINOUS FRONTS IN HELIUM

Time‘/usec Position cm
0.0 1
AREHT. = 2
4.8 3
5.5 4
7.2 y
8.7 Pressure 1.6 mm Hg 5.
10.6 6
12.0 Potential 3020 volts 6.
13T T.
16.2 7
1706 8
20.2 8l
22 9.
25 10
27 10
8.6 3

Pressure 1.6 mm Hg

Potential 4680 volts
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TIME AND POSITION RELATIONSHIPS FOR NZON SHOCKS

38
TABLE VI

Time /Alsec Pesition cm
96 4.75
123 7.25
129 3.00
122 8.75
141 9.25
158 10.50
177 11.75
179 12.75
186 13.00
197 14 .00
194 14,25
193 15,25
220 Pressure 155.5 mm Hg 16.75
223 16,50
228 Potential 3780 volts 17.25
235. 3T w25
254 18.75
269 20.25
292 23.25
321 25:05
327 26.00
335 28.00
380 30.75
L4at 33.00
Lot 38.00
492 40 .25
528 45,00
622 47.25
576 50.0Q
669 56 .25
703 58.00
728 59.25
748 61.00
757 61.75
177 62.25
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TABLE VI--Continued

Time Msec Position cm
58 1.8
63 3.8
T4 6.6
90 9.1

101 11.6
122 15.2
147 18.8
176 23.2
208 Pressure 7.2 mm Hg 28.1
236 31.6
262 Poten+ial 3460 voltis 35.0
303 4o .4
342 44.8
386 49.8
440 56.9
507 63.6
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TABLE VII
AVERAGE VELOCITIES OF SHOCK FRONTS IN XENON

- oub st

Pressure Potential Velocity Range Over Which
mm Hg voltc km/sec Average Was Taken cm
1.6 4630 .93 3 - 7
2.9 3020 .72 4 - 20
SisD 3020 .69 3 - 16
9.2 3020 .61 3 - 20
15T 3020 +55 3 - 16
19.5 3020 .57 l - 6
29.5 4830 .58 4 - 13
29.5 4090 .53 4 - 13
29.5 3320 53 4 - 13
29.5 2570 .50 4 _ 13
1.3 4830 .90 6 - 16
1.3 4090 .81 6 - 16
1.3 3320 .78 6 - 16
1.3 2570 T2 6 - 16
1.3 1850 .64 6 - 16
| 1140 .53 6 - 16
3.2 4830 .86 4 - 13
3.2 4090 .80 4 - 13
3.2 3320 AT 4 - 13
3.2 2570 .69 4 - 13
3.2 1850 .63 4 - 13
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TABLE VIII
AVERAGE VELOCITIES OF SHOCK FRONTS IN HELIUM

Pressure Potential Velocity Range Over Which

mm Hg volts km/sec Average Was Taken cm
7.6 7056 2.3 10 - 20
7.6 995 2.1 10 - 20
7.6 1420 2.5 10 - 20
7.6 1700 3.0 10 - 20
7.6 2000 3.3 10 - 20
76 2420 3.6 10 - 20
7.6 2870 4.3 10 - 20
7.6 3165 4,7 10 - 20
7.6 3460 4.8 10 - 20
7.6 3780 5.1 10 - 20
7.6 4245 5.4 10 - 20
7.6 4525 5.3 10 - 20
7.6 4830 5.7 10 - 20

15.3 1140 2.3 10 - 20
15.3 1710 2.4 10 - 20
15.3 2270 2.6 1C - 20
15.3 2870 2.9 10 - 20
i5.3 3460 3.2 10 - 20
15.3 4090 3.5 10 - 20
15.3 4680 4.0 10 - 20 -
29.5 1140 2.1 10 - 20
29.5 1710 2.6 10 - 20
29.5 2270 3.2 10 - 20
29.5 2870 2.5 10 - 20
29.5 3460 2.6 10 - 20
29.5 4090 3.0 10 - 20
29.5 4680 3.1 10 - 20
g]1. 2720 2.0 8.5 - 19.5
91. 3170 2.3 6.5 - 19.5
91. 3780 2.4 4 - 20
g1, 4390 2.7 - 20
g1, 4830 2.7 5 - 20
28.1 1567 2.9 5 - 20
28.1 3020 2.7 5 - 20
28.1 4680 3.2 5 - 20
15.3 4680 4.8 1 - 9
15.3 4680 4,1 9 - 18
9.3 4680 6.0 4 - 10
9.3 4680 4.3 10 - 19
5.45 4680 5.2 5 - 19
1.6 4680 6.1 15 - 17
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TABLE VIII--Ccntinued

Pressure Potential Velocity Range Over Which
mm Hg volts km/sec Average Was Taken cm
1.6 3020 3.1 15 - 18
1.6 3020 3.8 9 - 13
61. 3020 2.5 5 - 20
61. 4680 2.7 5 -20
51.3 3020 2.6 5 - 20
5l 4680 2.9 4 - 20
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TABLE

IX

AVERAGE VELOCITIES Or SHOCK FRONTS IN NEON

Pressure Potential Velocity Range Over Which
mm Hg volts km/sec Average Wzs Taken cm
.94 4350 20 10 - 13
.94 3620 1.5 12 - 20
.94 2870 1.3 11 - 20
.94 2130 1.1 12 - 20
2.0 4680 2.1 7 - 20
2.0 4090 1.8 10 - 20
2.0 3460 1.5 7 - 1@
2.0 2870 1.4 8 - 20
2.0 2270 1.3 8 - 19
5.35 4680 1.8 6 - 20
5435 4090 1.7 6 - 20
5.35 3460 1.6 5 - 20
5.35 2870 1.5 6 - 20
1) 2270 1.3 6 - 20
535 1710 1.2 5 - 20
5.35 1140 1.1 5 - 20
8.3 4830 1.9 5 - 20
8.3 4390 1.8 6 - 20
8.3 3780 1.6 6 - 20
8.3 3170 1.6 6 - 20
8.3 2570 1.3 6 - 20
8.3 1990 1.2 6 - 20
12 4830 1.9 6 - 20
12 4390 1.6 6 - 20
12 3780 155 6 - 20
12 3170 1e3 6 - 20
12 2570 1.2 6 - 20
12 1990 1.1 6 - 20
17 1 4980 1.6 6 - 20
P TNy | 4390 155 6 - 20
17.7 3620 1:3 & - 20
1T 2870 1.2 6 - 20
17T 2130 b & 6 - 20
17.7 1420 .99 6 - 20
27.6 4830 1.4 6 - 20
27.6 4090 1.28 6 = 20
27.6 3320 127 6 - 20
27.6 2570 1.09 6 - 20
27.6 1850 1.00 6 - 19
52 4830 1.24 4 - 12
52 4090 1.16 3 - 12
52 3320 1.11 3 - 12
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TABLE IX--Continued

Pressure Potential Velocity Range Over Which
mm Hg volts km/cec Average Was Taken cm
52 2570 1.05 3 - 12
52 1850 1.00 3 - 12
92.5 4980 1.14 4 - 13
92.5 4240 1.08 4 - 13
92.5 3460 1.02 4 - 13
92.5 2720 .96 4 - 13
92.5 1990 .89 4 - 13
92.5 1420 .82 4 - 13
155.5 4980 1.02 4 _ 13
155.5 4240 .97 4 - 13
1655 3460 .91 L - 14
155.5 2720 O 4 - 14
155.5 1990 7 4 - 14
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TABLE X
AVERAGE VELOCITIES OF SHOCK FRONTS IN ARGON

Pressure Potential

Veloclty Range Over Which

mm Hg volts km/sec Average Was Taken cm
1.15 4830 1.7 9 - 19
1.15 4090 1.6 9 - 19
1.15 3320 1.4 9 - 19
1.15 ‘ 2570 1.25 9 - 19
1.15 1710 .99 9 - 19
3.1 4830 1.6 9 - 19
3.1 4090 1.5 9 - 19
3.1 3320 1.3 9 - 19
3.1 2570 1.16 9 - 19
3.1 1850 1.01 9 - 19
8.7 4830 1.21 g - 20
8.7 4090 1.19 g - 20
8.7 3320 1.07 g - 20
8.7 2570 .99 g - 20
8.7 1850 .88 9 - 20
8.7 1140 .86 9 - 20
8.7 850 S0 9 - 20

28.4 4830 1.07 9 - 20

28.4 4090 1.02 g - 20

28.4 3320 .95 9 - 20

28.4 2570 .88 9 - 20

28.4 1850 .78 9 - 20
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TABLE XI
LUMINOUS FRONT VELOCITIES IN HELIUM

Baiis oo P 0 . W S S

Pressure Potential Velocity in km/sec
mm of in at Position
Hg volts 4.1 em 8.8 cm 13.7 cm
15.3 4800 4.0 3.2 2.5
15.3 4220 3.6 2.6 2.3
15.3 3680 3.2 2.2 2.2
15.3 3050 2.6 2.1 2.0
15.3 2450 2.3 1.9 1.7
15.3 1850 2.1 1.7 1.5
15.3 1240 1.9 1.3
5.3 cm 14.9 cm

7.6 b740 ) 2.7
7.6 4380 4.2 2.6
7.6 4000 4.1 2.5
7.6 3660 3.9 2.4
7.6 3340 3.7 243
7.6 3010 5 2.2
7.6 2630 3.2 2.0
7.6 2240 2.8 1.9
7.6 1910 2.2 1.5
7.6 1540 2.2 1.6
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km/sec
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TABLE XIXI--Contlnued
km/sec

Potential
volts

mm Hg

Pressure
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TABLE XIII
LUMINOUS FRONT VELOCITIES u AND FLOW VELOCITIES u* IN XENON

Numbers in parenthesis beside the ve-
_locity u indicate either the position in
cm at which measurement was made or the
position range in cm over which average
velocity was determined.

Pressure Potential u us

mm Hg volts km/sec km/sec
19'5 3020 033 105-805) 038
15.7 3020 .32 (8.5-11.5) .37
9.2 3020 43 (2.5-7.5 A2
5.5 3020 48 (1.5-9.5 .48
2.9 020 ST 1.5-%.5 .§1
1.6 gzo .60 (3.5-8.5 .68
e 41840 .67 4.1 H1
32 4300 ST 4.1 .59
3.2 3750 .61 4.1 .56
3o 3070 .56 4.1 +93
352 2450 .56 0 | A48
3.2 1850 .45 4.1 42
1.3 4820 .88 4.1 .64
1.3 4270 .72 4.1 .00
1.3 3650 LT1 4.1 DT
1.3 3050 .67 L. 53
1.3 2450 .66 4.1 .49
1:3 1850 S 4.1 44
1.3 1220 AT 1.1 .36
29.5 4950 w5l 4,1) .53 (8.8) .40
29.5 4450 .40 4.,1) .43 (8.8) .37
29.5 3840 .38 4,1) .32 (8.8) .36
29.5 3160 .39 4.1) .32 (8.8) .35
29.5 2540 .33 4.,1) .32 (8.8) .33
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TABLE XIV
LUMINOUS FRONT VELOCITIES u AND FLOW VELOCITIES u* IN NEON
Pressure Potential u in km /sec at u* in
mm Hg volts 4,1 cm 8.8 cm 13.7 cm wm /sec
.U 4330 3.1 1.7 1.2
.ol 37 2.8 1.5 Tl
.ou 3140 2.3 1.0 .93
.94 2520 1.7 .76
.ol 1910 1.5 .58
2.0 4670 1.5 1.1 1.4
2.0 4270 1.8 1.4 1.0 1.3
2.0 3680 1.7 1.3 1.1
2.0 3050 1.6 1.1 1.0
2.0 2420 1.4 .90
5.35 4920 1.6 1.4 1.2 1.3
5.35 4320 1.5 1.3 1.1 1.2
5.35 3780 1.4 1,2 .92 1.1
5.35 3070 1.3 1.2 .85 1.1
5.35 2520 1.d 1.0 .91
5.35 1880 .91 .83 .75
5.35 1220 .81 .66
8.3 4770 1.5 1.4 1.1 1.3
8.3 43 1.4 1.3 1.1 1.3
8.3 3780 1.3 1.2 Lok
8.3 3160 1.1 1.0 .81 1.0
8.3 2570 1.0 .75 .86
803 1990 -& 0714
12 4896 1.5 1.3 1.1 1.3
12 4370 1.2 1.0 1.2
12 3780 1.1 1.1 1.1
12 3140 .87 .79 .85
12 2490 .87 .72 .73
12 1880 LU .53 67
17.7 4950 1.2 1.1 .90 13
177 4l20 1.1 1.1 .78 1.0
17T 3840 .93 .86 .87
17.7 3160 .87 .70 72 .79
17.7 2540 .8C .64 .70
17T 1880 67 .58 .63
17.7 1250 .72 .59
27.6 4770 1.0 .88 .81 .90
27.6 4330 1.0 79 .85
27.6 3710 .88 .73 .79
27.6 3¢80 .83 .75 i
27.6 2480 .T4 T2 67
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TABLE XIV--Continued

Pressure Potentilal u in km /sec at u* in
mm Hg volts 4.1 em 8.8 cm  13.7T em  km /sec
27.6 1850 .63 .70 .60
52 4780 .90 .88 .80
52 4330 .80 .86 .76
52 3720 o 13 7 .71
52 3140 67 .15 .67
52 2480 b4 .61 .63
52 1880 .55 .56 .59
92.5 4800 .80 .72 .70
92.5 4090 <71 .63 .66
92.5 3320 .64 .56 .60
92.5 2570 .58 .53 .54
92.5 2130 .53 .48 .49
92.5 1420 .38 42
155.5 Lo3e .66 .62 61
155.5 4380 .68 .63 .58
155.5 3750 5h 5k .53
155..5 3110 .56 «52 .50
155.5 2500 43 A5
155.5 1990 .32 37




52

TABLE XV
LUMINOUS FRONT VELOCITIES u AND FLOW VELOCITIES u* IN ARGON

Pressure Potential u in km /sec. at u* in
mm Hg volts 4,1 ecm 8.8 cm 13.7 cm km /sec
1.1 4680 1.9 1.5 BERE
1.1 4090 1.7 l.2 1. 1.1
1ol 3460 1.5 1.3 1.0
1.1 2860 1.3 1.0 .91
1.1 2270 1.0 1.0 .81
1.1 1710 1.2 .66
Sl 4740 1.5 1.2 .93 1.2
3.1 4270 1.3 1.2 .86 1.1
A 3710 l.2 1.1 .86 1.0
3.1 3050 1.2 1.0 .75 .88
3.1 2450 1.0 .89 .78
3.1 1820 .81 .70 .66
8.7 4830 1.05 1.06 .95 .85
8.7 4390 97 .99 .85 .82
8.7 3780 .82 .9 .T1 ST
8.7 3130 .80 i .79 .72
8.7 2480 .76 .66 .64
8.7 1880 .76 .65 ST
8 7 1240 .09 .51 .50
8.7 940 .53 A7
28.4 4740 .82 .86 .58 .72
28.4 4330 .T5 .T6 .62 By (5)
28.4 3720 ol .73 .52 .66
28.4 3080 .66 .66 .57 .61
28.4 2520 .69 .56 .61 .56
28.4 1880 .63 A1 .49
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CHAPTER VI
INTERPRETATION AND CONCLUSION

Examination of Tables XI, XII, XIII, and X1V shows
that gas flow velocitles u* are always comparable to the ob-
served luminous front velocities u. In fact, u* is in many
cases bracketed by the luminous front velocities found at
various positions along the expansion chamber, so that over
the range studied, there 18 little reason to question the
identification of the luminous front as the contact surface.
A better correlation between the two velocities could not
be expected to result from a theory that neglects the decel-
eration of the fronts. Only when both the shock velocity
and the contact surface velocity have remained constant for

a time much longer than the transit time of sound between

the two fronts, could one expect the flow velocity right behind

the shock to agree precisely with the contact surface velocity.

It has been pointed out many times that the simple
idealized theory of even the dliaphragm shock tube predicts
a shock velocity greater than the one found experimentally.
This diécrepancy, 10% for shock velocities of one km/sec, 18

often assoclated with shock velocity determinations being
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30

made before the shock 1s completely formed. Cassen and
Stanton31 indicate a way by which instantaneous shock
velocity measurements may be used to evaluate the spatial
derivatives of wake pressure st points adjacent to the shock
front. Their work suggests using measured shock attenuations
to obtain flow velocities some distance behind the shock
front. Section 77 af reference 21 tells cf some of the
difficulties and uncertainties connected with strong non-
uniform shock theory. 1In addition to the attenuation of
the fronts there are two other factors that should be coa-
sidered before trying to improve the correlation between
flow velocities and luminous front velocities. These uwo
factors will be discussed now for they represent an applica-
tion of the equations of Chapter III.

Suppose that the shock and luminous front velocities
are observed to be constant for certain experimental con-
ditions and furthermore suppose that the flow velocity u*
and the luminous front velocity u differ. The problem 1is
then to furnish an explanation. The most obvious explanation
would be that the luminous front is not the contact surface;
however, there are two explanations consistent with the
luminous front being a contact surface. Inequality (8) can
be used as an explanation if u*€ u happens to be the case.
This would mean that considerable amounts of energy are
used in ionizing and exciting the gas atoms as the shock

passes over them. If, on the other hand, u*» u happens to be
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the case, then considerable amounts of ionization could de
rresent in the gas even before the shock passes over this
region. This last statement follows from an argument pat-
terned after the one used in obtaining inequality (8), and
the statement 18 not at all surprising in view of equation
(4), which shows that ionizational augmentation of eo should
have Just the opposite effect of ionizational augmentation
of e;. A mechanism for producing an ionizational augmenta-

1
tion of e, can easily be found in the photons produced by the

o
discharge in the compression chamber and there is much gualita-
tive evidence for their importance. These photons would travel
through the expansion chamber and could photoionize the g2s
before the shock arrival. By the time that the shock arrives
rart of the energy ccmmunicated o the gas by the photons
could be converted into thermal energy; thus the correct
initial sound speed co would not be known. There would bte a

pre-discharge sound speed ¢ and a pre-shock sound speed

00
¢y >Cop - If c.. were used to calculate u*, equation (6)

00
shows that there would again be a tendency to find u*d» u.
Probably both of the processes described in the pre-
ceeding paragraph, photon preheating and shock produced ion-
ization, are present to some extent in the range of experi-
mental conditions covered by Tables XII, XIII, XIV, snd XV.
A8 was polinted out in Chapter II, there are certain experi-

mental conditions for which the shock front is the luminous

front, and surely whenever this 1s the case at least one of
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the processes mentioned above 18 active. Since the two
processes have opposite effects on a correlation of u and
u*, it 1s eviaent that their simultaneous presence could re-
sult in a mutual concealment of the presence of either. 3e-
cause of the attenuation of the luminous front velocity, a
rapid survey of the u and u* correlation tables ylelds little
information tending to favor the presence of either of the
two processes, unless the attenuation itself i1s a result of
the photon preheating process. Presumably the shock could be
traveling into a gas in which photon preheatipg had estab-
lished a temperature gradient. If a temperature gradient
exists, neither u* nor u would be expected to remain con-
stant.

In Chapter II it was mentioned that under certailn
experimental conditions the Rayleigh phenomenon exhibits a
single luminous front that reaches a piston before reflect-
ing. The 1identification proposed in Chapter II interpreted
the luminous front as a shock being followed by an unchser-
vable contact surface. Some of the results of Chapter III
may be used to explain the failure to observe two luminous
fronts. Thic cxplanation 18 the one alluded to at the end
of Chapter III. As the potentlal energy contribution to
specific internal energy becomes comparable to the specific
flow energy, the contact surface velocity and the shock ve-
locity would become less distinguishable. The low initial

gas pressures that are necessary for the appearance of the
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single luminous fronts which reach the piston, tend to in-
crease both the ilonization produced by the shock front and
the specific fiow energy. If the proposed explanation of
these fronts 1s correct, the specific internal energy in the
form of ionization would rced to increase more rapidly with
decreasing initlal pressure than the specific flow energy
increases,

In Chapter I 1t was mentioned that under certailn
conditions the luminosity produced in the discharge tube
anresars to move as a slug down the expansion chamber. Many
of the mirrorgrams taken at the upper end of the pressure
range studied in the data tables had this appearance. Close
examination showed that the slug became narrower as 1t
progressed. Now the simpie perfect gas theory of shock tube
operation indicates that the reflected rarefaction wave
would tend to overtake the contact surface; so that the
perfect gas theory could explain, through the reflected
rerefaction wave, a gradual decrease in temperature behind
the contact surface; however, this theory cannot furnish
an explanation of abrupt changes in any thermodynamic vari-
able beh’nd the contact surface. Obviously a modification
of perfect gas theory it needed Just to account for the gas
excltation observed behind the contact surface. We shall
indicate briefly how the dissociation eand recombination re-
quired for light production might also account for the
luminosity discontinuity behind the contact surface that is

i i s seat b el b

on
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present in the mirrorgrams showing the luminosity advancing
as a slug.
32

Zeldovitch pointed out in 1946 that shock waves of
rarefaction are possible under certain conditions in a Van
der Waals gas with a large specific heat at constant volume.
In 1948 Novikov gave another favorable medium, wet steam
in the neighborhood of the critical pressure of approximately
220 atmosphere. Liepmann and PucketBu gave a description of
moisture condensation shocks. The possibility of shocks of
rarefaction in an ionized gas will be considered as an ex-
planation for the uairrorgrams that seem to show a light-
quenching front moving through the gas behind the contact
surface.

Consider a monatomic gas whose atoms dissoclate into
B electrons and one positive ion. Here we are mainly con-
cerned with pressure-increasing effects of the dissociation
factor so that some other factors and effects, present in all
real gases, need not be included. These neglected factors in-
clude, among other things, the radilation energy density con-
tribution to internal energy, the radiation pressure, the
Coulomb interaction hetween the ions and electrons, and the
presence ol atomic particles other than electrons, unexcited
atoms, and the unexcited multiply-charged positive ions. The
methods of statistical mechanics could be used to treat more

realistically the behavior of physical gases which do dis-

sociate into many atomic species. The thermodynamic behavior
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cf the idealized gas we are considering will be approximated
by the following equations. _

(9} in {o(B+1pB/(1+HK)B(1-°Q] = -W/kt + (5B1nT)/2 + C;

(10) p = (1+BAL)kT/r;

(11) e = 3p%/2 + Wol/m;
where k 1is Boltzmann's constant,

C 1is a constant for the gas depending oniy
on the statistical weights of the atom

and the ion, and the universal constants,

is the mass of the neutral atom,

8

W 18 the B-degree ionization energy for the
atom,

T 418 absolute temperature,

ol 1s the mole fraction of the ions.

Equation (9) is simply the mess action law coupled with Dalton's

law, equation (10) is the perfect gas law corrected for the in-

creased number of particles produced by dissociation, and
equation (1l1) is essentially equation (1).

Using these equations together with Se = -p52:'+ Tés
from thermodynamics, one can calculate by implicit partial
differentiation QA2 g, (3°0/3T°)g, and Ap/ds)y, the
three derivatives that are especially important in shock wave
theory. Interestingly enough, the first three shock con-
ditions--equationﬂ.(a), (3), and (4)--permit hoth compressive
shocks'zz) >2; and rarefying shocks 2‘0421’. Inequality (5)
does, however, prohibit one or the other type of shock de-

pending upon the signs of the three previously mentioned

st B ROt i (e | SN s A SOl S
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derivatives. For many substances these three derivatives
have the same s8igns as they have for a perfect gas: that is,
the first one 18 negative and the last two are positive
throughout the entire p and Zrange. When the derivatives
have the above signs, rarefying shocks are prohibited by (5).
On the other hand, we find for the medium described by
equations (9), (10), and (11) that a range of thermodynamic
variables exists for which the first two derivatives are
negative and the last one positive; consequently upon apply-
ing an argument similar to one at.ributed to Weyl, we find
that inequality (5) i1s satisfied by a shock of rarefaction.
Weyl's argument 1is presented in Courant and. Friedrich's
book.21

It will now be shown that (829/31/2)3<0 establishes
a mechanism for the conversion of rarefaction waves 1n£6
rarefaction shock waves. Let ¢ be the sound speed, we then
have the well known formula (12) which may be used to verify
(13). The flow velocity u given to a stationary gaa at

(12) % = 22QRpAY),

(13)  (°/2¢) %0ATP), = ReAT), - e/
specific voluma‘zb and 3pecific entropy. 8, by a ravefaction
wave 18 given by the well known equation (14). Using (14)
one finds (15) which may be coupled with (13’ to yield (16)
1 (3%p/aT2) ,<O0.
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(14) u = clz', sg)d”
z, T

0
(15) (2u/dT)s,, T, = /%

(16)  [3(c-u) /a'z']s> 0

Now c-u 18 the upstream propagation velocity of small
pressure diffecrences and (16) shows this velocity to be
greater in the expanded state at the foot of the wave than
in the unexpanded state at the head of the rarefaction wave;"
consequently the rarefaction wave will tend to become steeper.
In this manner shocks of rarefaction will form in the medium,
In the discharge tube one could expect a rarefaction
wave to move through the compression chamber and reflect
from the electrode forming the end of the chamber. The
mirrograms show these expected reflections in only a few
cases; however, no extensive search for them has been made.
If the reflected rarefaztion wave travels through a proper
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