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ABSTRACT

A study is made of strong luminous-chocl fronts which ere generated
in a pulsed linear discharge tube. A high-voltage, low-inductance capec-
itor bank supplies driving energles up to 3,125 joules. Strong shock
waves (shock Mach numbers, M, = 20 to 150) are propagated into embient
air at initial pressures of 10 to 1,000 microns of mercury. The primary
and reflected luminocus-shoek fronts are exsmined with a rotaeting mirror
camers and time~average photography. The primary waves show strong
attenuation and are complicated by interacticns with secondary fronts.
The measured reflected velocities are found to be greater than expected
on the basis of eqguilibrium real.air theory. Timeeintegrated spectra of
the dlscharge in the spectral region 3,500 1o 5,000 A ere cheracteristic
of spark specira in a lovw-pressure air discharge. The investigaticn
points out the nonuniformiiy apnd the turbulent nature of the shorie
duration (tens of microseconds) shock flow. It is concluded, therefore,
that the use of such flows for studies in hypersonic ascrodynamics must be
spproached with reservation.
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INTRODUCTION

In the conventional one-dimensional pressurs~driven shock tube
(ref. 1) a disphragm separates two volumes of zas at different prescures.
Wher the disphragm is removed, a compression wave propagates into the
low-pressure chamber and an expansion wave propagetes into the hishe
pressure chamber. In the case of a hish-pressure ratioc the compression
wave steepens into a shock front. The shock Iront is an amplitude-
dependent disturbance through which a change of entropy occurs., It prop-
agates at supersonic speed relative to the acoustic speed in the low-
pressure chember. The strength of the shock is proportional to the pres.
sure retioc snd the spée&~of-smund»ratio of the driver (high-pressure gas)
to the driven gas. This can be accompliched in a variety of ways. The
driver gas can be heated by an elesctric diuscharge or & combustion process
increasing both the pressure and spocd-of-sound ratio scross the dlas
phragn, The specdeofesound ratlo can ve raximized by selecting low molec.
ular weirht driver pgacos such as hydrosen and helium., Purther methods are
the application of mulltiple-diephragn technioues and the use of varying
erosse=section channels, A survey of techniques and theory of the shoek
tube in its many forme 1o found in reference Z. In all the cases menw
ticned diaphregms must be selected which can survive the highepressure
retio and have an efficient bursting process. Thies mechanical reguirement
has, for the present, limited the dlaphragm shock tube to shock Mach nume
bers {the ratio of the shock front velocity to the speed of sound in the
unshocked ges) of less than My = 30, as, for exemple, in the electrically
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driven shock tubes {refs. 3 and 4). An alternstive method for pro-
ducing strong shocks without the necessity of a dlaphragm is the rapid
release of a large amount of energy creating a local high temperature and
pressure. The expansion of the gas generates s strong, sttenuating shock
wave. This is the familar process cccurring in explosions or blast waves
(ref. 5). A spark discharge tube can be used to produce very strong
shoeks in much the same way. The development of the spark discharge tube
and the progrese of other electromagnetic devices for generating shock
waves are ocutlined in the following paragreph.

In 1951 Fowler and Lee (ref. €) pointed out that the luminosity
appesring in the appendages off a main electrical discharge (the so-called
Rayleigh afterglow), was "highly concentrated in a series of advancing
fronts, rather than e ected as a tongue or jet." In a later paper by
Fowler et al. (ref. 7) the nature of these luminous waves was examined
in a T.tube discharge. Thelr results suggested the kinship of these waves
with shock waves and large-smplitude acoustical disturbances. In general,
the luminous-front velocity was directly proporticnal to the cgpacitor
energy and inversely proportionsl to the initial pressure and molecular
weight of the test gas. The attenuation of the disturbance as well as
"echo™ or reflected waves were observed. Fowler et al. (ref. 8) pointed
out that at low densitlies the strongly self-luminous sheock front wes the
principal manifestation of the hot-gas expansion. Saha temperature excita-
tion processes were expected to be importent in explaining these waves.
Since the shocked gases were shown to be highly ionlzed it was suggesited
that the spplication of external magnetic fields would increase the driving
force, which previcusly was derived mainly from Joule heating. Kolb

{(ref. 9) and Kash (ref. 10) mcdified the T-tube shock generator to include



several fleld coil and "backstrap" geometries to obtain a Lorentz volume
force on the ionized gmses. They vere able to increase greatly the energy
trensfer to the gas and thus obtsined much stronger shocks. Josephson
{(ref. 11) introduced the linear "tapered tube"” discharge for generating
strong axlal shocks. In this case the current discharge takes place
elong the exis of the shock tube and a strong “"pinching® by the self-
induced magnetic field is the major driving force., Typlecally shock Mach
mubers on the order of M, = 150 in deuterium and Mg = 30 in air are
readily attainable., Other types of electromagnetic shock tubes have been
reported in the literature and e good summary is found in & report by
Ziemer (ref. 12).

Such devices have a potential for many investigaetions dealing with
extreme temperature gases and hypersonic flows. The lnvestigation
reported in thils thesis arose from the possibllity of using an electro-
magnetic shoeck tube to study the problem of radiation heat transfer to
the nose of & resntry vehicle. Ziemer (ref. 13) successfully investigated
the effect of a magnetlc field on the shock standoff distance and stagna-
tion point heat transfer on & hemispherical model using the flow in &
tapered~-tube elecitromagnetic shock tube operated in alr, The development
of a thin-film heat-transfer gauge (ref. 1%) used in his investigation
indicates some of the difficulties in instrumentation of such short-
duration flows (on the order of tens of microseconds}., For radiation
studies these times would be sufficient, but a closer study of the flow
and contamination was necessary since radiation levels can be greatly
affected by nonequllibrium processes and contamingtion. The writer visited
Dr. Ziemer in July 1960 to discuss plans to develop an electromagnetic

shock tube at Langley Research Center. By Septewber 1960 a 7.5 KV, 386



tepered~tube device had been constructed with existing equipment.
Although strong luminous fronts were generated, the contamination from
electrode erosion was severe due to the long ringing pericd of the dis-
charge. Subseyuently, plans for a high-voltage, lov-inductance capaci-
tor system were initimsted. The new facility was Tirst operated in
September 1961. This thesis presents a description of the latter elecs
trompenetic shock tube and the results of stulles made on the luminous
fronts to determine the suitability of the shoek flow for studying the

radiant heating problem to reentry vehicles.



CHAPTER I
DESCRIPTION OF FACILITY

A. Shock Tube

The shoelr tube used in thils investigation is similar to the tapered-
tube~type device described by Ziemer {ref. 13). A photograph of the shoek
tube and acsocclated electrical equipment is presented in figure 1 and the
major components are pointed out. Figure 2 is a schematic of the facility.
The shocl: tube proper is a J-inch inner-diamcter, double~tough Pyrex glass
pipe. Seversl pipe lengths from 18 inches to 4€ inches were used. Stand-
ard glass Tittings joln the shock tube to the discharge reglon and the
end plate. The tapered diescharge region was obtained from Grenier Glass
Blowing Laboratories, los Angeles, California. It has a parabolic contour
which tapers from % inchee gt the exit of the discharge vegion to 5/& inch
at the position of the button electrode. A l-inch precision-bore tubing
allows for an O-ring vacuum scal. O-rings are also used at the ends of
the uniform glass pipe section. The sh&ck tube is evacuated to initlal
pressures between 10 and 1,000 micréna of mercury by a Welch DuocsSeal
mechanical pump. A O to 2,000-micron Heastings geauge measured the initial
pressure. The pressurc wes controlled by a Teflon-seal bleed valve.

Agbient room gir was the testing medium. An observation port with schlie-
ren guelity windows 8% inches in dismeter is presently belng used in an

effort to obtain schlieren pictures of the standing waves on blunt bodies
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D

in the shock flow. This work is in a preliminary stage and is not

reported in this thesis,

B. RElectrical Clrcuit

The electrical system consists of & bank of 10 cne-microferad low-
inductance capacitors connected in parallel. The capacitors were pur-
chased from Axel Electronics Corporation and are rated at 30 KV with a
ringing frequency of 150 KC. RG/B-U coax cable comnects the capscitors
to the discharge tube. In order to minimize the inductance two cables
were used for each capacitor. The sheaths are terminated by a press fit
between two brass pleces, The center conductors extend for 10 inches and
are then terminated at the rear of the positive air gap switch electrode
by means of lugs. A second copper electrode. @pletes the alr gap switch

and extends into the lowe.pressure discharge tube and is referred to as

the button electrode. A copper ring gi inches in length serves as the

negative electrode in tho discharge tube. The circuit is completed by

six copper etraps, 1/4 inch by 1/32 inch, which are laid along the tapered
glass section., The straps arc then insulated and pass over the alr pgap
switch snd center conductor bundle to the sheath terminstion point.

Flgure 3% shows & circuit diagram of the fecility. The charging,
firing, and shorting phases of the operation are controlled by three
Jennings High Voltage Vacuun Relsy switches. 'These swltches are soleunoid
opergted at 115 volis a-c by & remote-control panel (not shown) which is
isolated from the high voltege. The charging and firing switches are
normally open and the shorting switch is normally closed. The capacitors

ere charged by a WJE Corporstion 30-KV, 1lO.ma power supply which is
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11

menually opersted., A 200-megohm bank of carbon resistors maintsins the
brass trigrer rod end the positive alr gap electrode at the same potential
during the charging cycle. This was found necessary because the vacuum
switch had enough leakage current to trigger the air gap before the
regulired charging voltage was obtained. The shorting and firing resistors
are banks of %.K, 1€0.watt and 5-K, 50e-watt Blectrohm resistors, respec-
tively. All grounds are terminsted to the capacitor rack vhich is

grounded appropriately to the bulldinz.

C. Alr Gap Switch

The switch 1s shown in figure 4, The surfeces of the electrodes are
approximate cuudpotentials of & parallel plate capacitor for a gep soparae
tion of 0.37 inch. This distance, as determined from the Paschen curve
for alr, will hold off %0 XKV at S. T. P, The analysis of this electrode
configuration is attributed to Rogowski (ref. 15) who caleculated the
equipotentials at the edge of a parallel plaie capacitor. In the parallel
portions of the electrodes the fleld strength is 100 percent and drops off
rapidly elong the rounded edges. A rubber losulated brass rod inserted
along the axis of the positive electrode is malntained at the same poten.
tial as the pesitive electrode by the 200M resistor. When switch A is
closed the brase rod is grounded through the GLK resistor bank, The 200M
resistance is shunted by the air dielectric and current ic drawn from the
positive electrode to the brass trigger. Sufficlient ionlzation is present
to initiate complete breakdown of the eatmospheric gap and conseguently of
the low-pressure gap. Hegligible current is then drawn by the firing

resistor. The svitch hes performed relisbly throughout the investigationg
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the discharge always cccurs in the center portion of the gep in a dism-
eter of about 1 inch as determined by the eroded area on the electrode

surfaces.

D. Diegnostle Technicues

The lumincus fronts were analyred mainly by e roteting mirror camera,
A Beckman-Whitley Model 193-5 camera with writing speeds up to
% mn/microsecond using en sir drive wes employed. The smear pictures
were obtained on black and vhite 35.mm Kodak Tri-X Pan strip film. Time.
average photographs of the lumination provided jualitative information of
the shoek-tube behavicr. A 1/10-microsecond Xerr cell was used for a
limited time period in the study of the pinch dischergs mechanlsn, A
545.A Textronix scope and & several-turn fleld ceil placed near the dis-
charge reglon supplied information ebout the effective circult character-
istics. Timewinteprated spectra were obtained with a Cenco grating spece
trograph. The dispersion is roughly 16 3/mm and allows spectra to be
"t“.aken in the first order between 2,350 ami"?,O@G 3. A concave grating of
the replica type having 15,000 lines per inch and a focal length of 55 em
vas employed. Certain portions of the grating surface were masked to
ninimize "ghoste" appearing in calibration spectra due to the grating

iwperiections.



 CHAPTER II
RESULTS AND ANALYEIS

A. General Remarks

In operating the shock tube the capacitor bank is charged to voltages
batween 12.% and 22 RKV. The discherge ls initiated by triggering the air
gap switch., A fraction of the total energy stored by the capecitors is
then added to the I.QWupreséure gas. The energy available for generating
the shock waves can be expressed as the sum of two terms:

-

g% + (p - 1)2

o/p driver gas pressure per unit msss

B enthalpy parsmeter; for a perfect gas is 7/y - 1,
vhere ¥y is the ratio of specific heats

f megnetic field vector

The first term is the energy per unit mass in the megnetic field., Since

the pas is highly icnized by the electric discharge, this field applies a
volume driving force ?; = 3" X E to the gas, where 3 is the current
density. The secoud energy term expresses the increase in the ‘intemal
energy of the gas and is derived from the Joule heating, -323, vhers R
is the resistance of the conducting ges. The magpetic field is linearly.
dependent on the current and therefore bvoth energy terms are pmparﬁionai

10 the sguare of the dlscharge current. The shock velocity is also

1k
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w0

dependent upon the initial rate of current rise with time. For a cone

stant LC clreult the maximum current and derivative at time zers are:

. C
ipax = Vo, [*
L
dt =0 L
Ve initial charge on the cepacitor
c total system cepacitance
L total system inductance

Consequently, to obtain good energy transfer to the gas a hlghevoltage
and lov-inductance system 1s necessary. Josephson and Heles {refr. 16)
give @ more complete analysis of design criteria for producing strong
shocke with a tapered-tube electromagnetic shock tube.

Besides the pinchetube electrode conflguration, two other confige
urations were Investigated. They are shetehsd in figure 5. The general
direction of the lerentz driving force, F,, is indicated for each con-
figuration. In the hollow button-ring and spindle-cone configurations
the current paths are inclined at a steep angle te the shock axis and
the magnetic driving force acts in the direetion of the shock flow; in
the pinch tube the current is in the direction of the axis and thus the
conducting gas 1s driven towards the center of the tube. The luminous
fronts produced by these generators are examined with the rotating mirror
canera and time~average photography in order to determine the character-
isties of the shock flow. The primery waves, shoek profiles, and reflec-

ted vaves are discussed in sections D, B, and F. The time-integrated
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spéctrs are then rresanted in soction G. Befors procecding to the flow
snalysiz, the electrical characteristics of the ringlng discherpge and
the mechanisy of the pinch phenomena will be diseussed in the following

two sections.

B. TRlectrical Characteristics

The shoeck-tube circult can be analyzed on the basis of the equive
alent eireuit shown in figure €. V., ic the inltial charge on the
capacitor bank. The oxternel inductance and resistance ere L, and Rg
ard arc essentislly constant. The major contributor to Lz 1z ths alr
gap cwitch. The inductence and resistance of the load or discharse tube
are siven by 1y and Ry and are variables in time. The instanteneous

roltaye across the cepaclior bank is then gdven by

4
V = i{Rs + RL) + — i{Ls +
( 2 RI.\) ( 3 I‘L)

If the curreni is cboerved over several cycles, then the first tern,
which iz the voltage acrosc the exbternal inductance end resistance, is
predoninant and the circuit is treated as a damped L-R-C discharvge.
The second tern, vhich 1 the voliage at the button elsctrode, is
inportant in debermining the driving chavacteristics of the generator,
but for the purpcse of finding the oflfective resistances a»d inductence

of the circult it cean be neglected. In this case the discharge current



18

*4TNOITD JUSTBATNDE -°g 9amIT4

(eqn], adgeyos

avol

Ta)




19

is glven by:

v~
1 = % e EFgin nt
L

whero

and R and I are the effective resistance and inductance; T 1s the
period of the discharge. A typlcal trace of the voltage output from s
1/k-inch-diameter two-turn field coil is displayed on figure 7. This is
& time history of the induced voltege mcross the termingls of the coll.
This potential is derived from the time-~dependent mmgnetic flux passing
through the coil. Since the magnetic field varies linearly with the
current, then the scope trace is proportional to the time derivative of
the current. Differentisting the expression above for the current:

.@; = EE e “ﬁt(c:es it - R sin T;‘!;)
at L 2Ln

The effect of the last term 1s swall and ls neglected. By measuring the
period T eand decay factor R/2L  of the peaiss of the trace the effective
resistance and inductance are determined. The resulls of this calculation
for two of the electrode configurations are shown on the figure for the
maximum and minimm total energy operating conditions. The peak current

~
3.9 pe » . - : “ Jﬁv vc
at the first quarter cycle is estimmted from ipgy = ~——E .



di
< —
dt
5p sec
Ring-button
Charging volts, KV 12.5
Capacitance, pf 6
Period, p sec 6.6
Eff. inductance, ph 0.18
Eff. resistance, ohms 0.05
Peak current, amps 72,000

Figure 7%*-

Typical scope trace of voltage output from field coil and

calculated circuit parameters.

Pinch tube

20.

127,000

20
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C. Pinched Discharge

The pinched discharge was examined cualitatlvely with the smear camera,
time-average photosraphs, and the Kerr cell. The results are summarized
in figure 8. The time-average photograph shows a region of high luminous
intensity localized in a smell column elong the tube axis. %The width of
the column is greater near the button eleoctrode and scems to taper to a
narrow pencil ray of hot zgas at the exit of the shocelr generator., Details
of the discharge arc shown in the Kerr cell pleture. In the region of
button electrode & hirhly luminous "ball” 1s evident. Distinet luminous
rays emanate from this "ball” and proceed to the ring electrode apparently
alongz the inside wall of the conical glass section. The hot pencil ray in
the center of the tube is nct evident. The streall camera smear was
obtained by placing a 1/2-inch slit along the glass cone and placing dis-
tance markers an inch apsrt perpendicular {o the tube axis. It shows
that the illumination firet begine at the bulton electrode and progresses
toward the ring electrods. Before passing through the ring electrode the
lunincus-front speed is groetly increased. The existence of a second
lundnous wave begloning at the same time as the first wvave at the button
electrode can be seen. From these data g8 medel of the discharge is cone
structed. When the discharge ie first initiated the lonived gas is immew
diately forced o the centor of the tube by the self«induced magnetic
£12ld which, becguse of the axial nature of the discharge, is perpendice
ular to the tube axis. This pinching takes place at the button electrode
first because of the large current density iu'ﬁhis region. The tempere
ature and pressure of the gas are rspldly increased and as the conducting

fluid ¢ries to expand 1t is pinched more into the tube axis. This traveling



(a) Time average photograph.

(b) Kerr cell, 1/10p sec exposure.

ing electrode

ton electrode

(c) Streak camera smear.

Figure 8.- Characteristics of pinch discharge.
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pinch drives the hot gas cut of the ring electrode vhere it expands and
forms a strong luwminous shock front, Becguse the expansion takes place
both along the axic and the tube radius the shoelks would be expected to
have & curved contcur. This iz indeed the case and will be discussed

in a later sac&ion4 It is noted that these results are consistent with
the deceription of the pinch given by Josephson and Hales (ref. 16) for
the same type of shoch tubte. Thelr test gas was deuterium and the
ringing frecuency wvec 210 KC with a meximum current of ~2 x 102 amps.
They observed only ons pinch followed by a second sheath of hot gas with
an inege converter cemera. Thelr scope traces of the potential et the
button electrode, howsver, indicated as many as three successive pinches,
Although the smear pilctures in thies investipgation only resolved one pinch
and a second lumincus front they did indicatc {more clearly on the neg-
atives) that the total light intenrity in the diccharge tube tended to
oscillate with the period of the discharge. This would indicate seversl
heating cycles. Josepheon and Hales alsc pointed out that the secondary
wave eventually caught up with the primery wave downstream and reine |
forced the leading fromt., This wac observed in this investigation and

ig discussed later.

D. Periformance of Shoek Generators

The rotating mirrcer camera was used to obtaln the primary luminouse
front velocities., 81its were placed along the axis of the shocit tube
and black pieces of tape were used as distance markers (in the streaks
presented these markers are 1 inch apart). The luminosity smear

exhibite the ghoel front as & curve of distance versus {time on the
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35«-mm strip film. A counter supplied with the camers accurately meas-
ures the spesd of the rotating mirror. The velocity of the luminous
front is then proporticnal to the slopz of the curvaturs of the light
smear. Experimentally ihe tangent of the anzl: at a point on the swear

front was measured and the veloelty computed ITrom:

U, =C . RPS . tan @

The constant € was determined from the geowetry of th: camers and the
magnification factor of the oplticsy RPS is the speed of the mirrer in
revolutions per second, and 6 is the measured angle.

Figures @, 10, and 11 shov the primary luminous-front velocity as
a functlion of the inltial shocketube pressure for constant dlstance from
the exit of the shock generator for the three =lzctrode configurations.
The performance of the ring-buttou configuration at 12.5 KV and 6 uf is
shown on the first figure. AL distances aesr thz ring clzetrode velocw
ities sre higher for the higher pressurcs. Farther downstream the veloce
ity begine to be luversely proporticnal to the initiel tule pressure.
The wavee exbibit mors ebtizmuacion at the higher pressures.  Apparently
telber encrgy tranzsfer to the gas is accomplizhed at the higher pressures.
The .ame Yrends are chown on the next figure for the spindle-cone cone
flguration. The poor performance of this gencralor is attributed to
energy trapped In the cone by reflecting shocks off the inside walls.
The lines drawn through the experimentel pointe indicate only the genw
eral behavior of the primary shock velocity. The curves are compli-
cated at some distance from the exlt of the shock generator by the reine-

forcement of the primary shock by secondary waves. In both these
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Figure 9.~ Luminous front velocity as a function of initial pressure

for button-ring configuration at 12.5 KV and 6uf.
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Figure 10.- Luminous front velocity as a function of initial pressure

for spindle-cone configuration at 15 KV and 6pf.
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generatnrs sceondery waves were apparant at every half cyele of the
ringing diccharce. Thiz is cshown for the ring-button configuration on
figure 12 in vwhich twice the time intervel of sppearance of the multiple
wvaves i correlated to the period of the ringing discharge.

Figure 11 shows the performance of the pinch tube under several
initial voltage conditicns. The dashed line represents the operational
curve of Ziemer's tapered tube as taken from reference 13 for 25 KV and
g uf in air at a distance of 20.3% cm from the ring elsctrode. A come
pariscn of the curves indicates the performance of the pinch tube follows
clesely that of Zismer’'s apparatus.

Typlcal smear records are shown on figure 1% for the three gener-
ators. They indicate the attenuation of the primary wave and also the
production of muitiple fronts and thelr interactions. These fronts are
perticularly numerous in the case of the first twe conflgurations, and
as wes pointed out, their appesrance corresponds closely with the period
of the discharge. However, in the case of the pinch tube only three sec-
ondary fronts are noted. One followe very closely vehind the primsry
front end the other two at farther distances. Smears farther downstream
confirm the intersection of these secopdary fronts with the primary wave
thus enhancing ite speed.

The sttenuation of the waves is seen in figure 14 for the pinch tube
at two different pressures, and figure 15 chows the attenuation for the
other two configurations. It also illuetrates the interaction and rein-
forcement by & secondary vave. The attenuation based on strong one-

dimencional blast-wave theory (ref. 17) iz inversely proportional to the
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square root of the distance from the blast.l This decay law ic plotted
on each of the curves. In the case of the pinch-tube shocks the agrecs
ment is fair, but the other configurations indicate stronger attenuation.
This is certainly to be expected in the case of the spindle-cone cone-
figuration since the diameter of the exit of the hot gas from the
electrode is small. Thus, the expansion of the gas 1n the radial direc-
tion would decrease the lunincus front speed in the axisl directicn.

If models are placed in the flow of the primary wave strong lumi-
nous gas caps are observed, Pigure 16 shows the results of time-average
photographs of the bow waves., These plctures were obtsined with a Graphex
camers with a polaroid film attachment. A palr of crossed plane polarolds
were used to obtain contrast botween the illumination from the free-
stream gas and hot gus cap wave., The duration of this standoff wave wes
measured with the streak camera for a pressure of 10 pHg. The steady

wave duration was sbout 15 microseconds., %Ziemer (ref. 11) made a survey

N :
For a strong one-dimensionsal blast wave the internal energy per
unit volume is B = é pu2, where p 15 the gas density behind the wave

and u is the gas veloclty. If the expansion ic pictured as having
constant énergy, and a weak dependence of p on distance is assumed,
- X

then the total energy of the system is: W = Jf (E + é {31).2) dr, vhere dr
3]

is the cne-dimensional volume element. &ubstituting for E and

removing o from under the integral we find, W ~ pu®x ~ pUy2x, where
Uz 1s the shock front velocity. Therefore the attenuation is glven by:

Uﬁ ~ 3{‘3‘/21:
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of these flov durations in ailr for varying initial tube pressures. He
found that the bow wave remained for a longer time at the low-chock-tube
pressures and at distances closer to the ring clectrode.

A comparison of the three generastors shows that the primary wave
of the pinch«tube configuration exhibits less attenuation and fewer
mltiple~shock interactions. Since the shock flow appeared to be less
complicated, the pinchetube generator was the only one considered in the
following discussion of shock profile, reflected waves, and time~

integrated specira.

E. Shock Profile

The shock profiles were obtained with the streak camera by placing
cbservation slits perpendicular to the tube axis, If the shocks are
curved then points in the slit will be illuminated at different apparent
tinmes relative to the moving film as the luminous front passes by the
slit. Since the vriting speed of the camera in all cases is slower Fhaﬂ
the luminous-front veloecity, the actual profiles ere more parabolic than
indicated. Pigure 17 presents typical shock-profile smears obtained with
the pinch tube at the exit of the ring electrode end et some distance
downstream of the discharge. These plctures indicate that the szhock is
parabolic and does nct flatten much with distance. The trailing lumina~
tion deoes not appear to be uniform, thus implying & turbulent gas motion.
Fovler and Turner (ref. 18) were able to alter greatly the profile of
electromagnetically driven shocks by the application of strong axlally
magnetic fi@l&s‘up to 20,000 geuss. Their shocks were generated in a
l-inch-diameter tube in deuterium. At zerc fields the shocks showed a

bulge in the center as in this investigation. The application of the
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axial field made this bulge more pronounced, With zero field the parabolic
contour is explalned by essuming that the ges along the axils iz hotter

than near the wall.

F. Reflected Luminous Fronts

A brass plug 2{- inches in disameter was placed in the shock tube at

i

three different positions from the ring electrode in the pinch-tube gene-
erator. Smears were obtained of the primary wave and the reflecting

wave off the plug through a half-inch slit along the tube axis, Fig-

ure 18 shows typical pictures of the reflection process for the plug st
a distance of 35.6 cm from the ring electrode. Time-average photographs
of the hot gas reflecting off the plug at three different pressures are
shown in figure 19. A definite curved pattern of the hot gas standing
in front of the plug is evident., From the smears it 1s observed that as
the reflected wave propagates into the strear of the oncoming wave it is
generally retarded at about 2.5 cm from the plug. The wave then regains
speed and advances with increesing velocity up the shock tube. Another
important feeture is that the luminosity frop the reflected wave appears
to begin at the plug before the primary wave reaches the end of the shock
tube, This is especilally evident at the higher pressures. At times e
faint luminous wave can be detected shead of the intense luminous primary
wave and 1t appearc to coincilde with the beginning of the reflected wave
lumincosity at the reflecting wall., This Indicates a relaxation process
takding place behind the incident wave. Since the rediation is mainly
electronic in nature, the extent of the relaxation zope is interpreted

as a2 rough measure of lonization relaxation behind strong shocks in air,
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Figure 19*-

PQ = 12M.Hg

PQ = 12V Hg

Time-average photographs of hot gas reflecting off brass
Plug located 9 inches from ring electrode.
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Fiblett and Blacimen {ref. 19), for example, have used this property of
the reflection of strong luminous shoclis to obtain an approximate meas-
ure of ionization relaxation in air.

The reflected wave velocities wers compared te an average Incident
shock velocity. This average shock velocity was calculated by measuring
the time for the luminous front to travel from the exit of the shock
generator to the reflecting plug. The incident velocity at the plug was
also measured but was not felt to be a good indication of the energy of
the oncoming flow because of imteractions with maltiple shocks vhich at
times gave a relatively high shock velceity at the plug., In ell cases
the agverace shoeck veloelty was less than the veloeilty measured at the
reflecting plug. Figure 20 shows a plot of the retic of the measured
reflected veloclity at the plug to the average oncoming flow veloeity sas
a2 function of the average velocity, Assuming that this average veloclty
corresponds to the effcctive incident velocity at the plug, the expected
reflected ratio based on eguilibrium flow considerations behind an inci-
dent normal sheex in real air (ref. 20} (that is, taking into account
dissociation and ionization in equilibrium) is shown in the dotted ares.
Thies area represents a scries of curves covering the pressure range con-
sidered in this experiment. The measured reflected ratios show a gen-
eral trend to deviate from the eyullivrium theory as the streangth of
the incident wave decreases., Within the experimental accuracy of
making the velocity measurements, roughly 25 percent, the reflected
ratios are on the average at least & factor of 2 grester than the pre-
dicted values, The average effect of the initisl shocketube pressure

on the reflected ratic is shown in figure 21. The line &ravwn through
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G, Tine-Intezrated Cpecthra

Spectra were oblalned in thres different reglons of the shoeh tube.
An acrylic, l/@»inch—%hieg*ﬂimdow was placed at the end of the shock and
the discharge was obzmerved by placing the epscirograph slit next to the
window without any focusing optles. Spectra were also obtained locking
perpendicular to the tube downsbtream of the ring electrode and looking
directly at the pinch discharge tube without focusing opties. Samples
of the spectra are displayed on figure 2%. The spectrus looking up
the tube exls exhibits a background continuum; the spectra are slectronic
iz nature and no band structure ic ovident. Most of the llinec were
identifizd using the MIT wavelength taitlec (ref. 21) and the spectrum
was found to e characieristic of spark spoctra in air as taken from
refeyenes 22, The lines were identificd o within 10.5 3, The O and
0II lines are especially sbarp while the nitropen lines ar~ less numerous
and often secw hezy and broad. The Call iines at 3953,7 % and 3GC8,5 i
end the ALI lines at 3044.0 A and 39€1.¢ g wers present in all the specw-

tra a8 well as strong SiT lines at 2905.5 R.and %128,1-30,9 A. Some
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week iron and Cull lines were observed. The absence of more numercus
and stronger copper lines 1s puezling esince the electrodes were copper
and the button electrode did show some ercosion. No lines were detected
in speetra (b) end (c¢) which were not identified in the spectrum (a)
looking up the tube axis. In ovder to see lines looking downstream

of the discharge, the spectrograph slit was opened wider. The strong
lines observed are from CalY, AlY, and SiI. Faint lines on the neg tive
exhibit cherp lines of OY and OIX. The spectrum in figure 24 of the air
eap switch dischearge offers an interesting contrast to the low-pressure
air discharge. Agsain the Call and ALY lines were present., The iron and
silicon lines are attributed to the brass trigser and insulator. ‘The
najor portion of the spectrum is due to copper, Cul acd Cull, Hbvoxygﬁn

oxr nitrogen lines are present.
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Figure 24.- Time-integrated spectrum of air gap switch discharge.
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CHAPTER IIX
SUMMARY AND CONCLUDING REMARKS

Shock Mach nuxbers ol Mg ~ 120 were obtained at the oxit of the gen-
erators. The chock wave was strongly attenuated and decayed to Mg ~ 20
downstreaxr approximately & inches from the ring electrode. Because of
the ringing of th: electrical discharge, maltiple shocks were genorated

t cach hslf cycle., In the case of the pinch tube these secondary waves
were not as numercus and the shock flow wes more uniform, The shock pro-
flles indicsted a psrabolic contour and nonuniformity of the intensity
of the illumination behind the primary wave, The waves d4id not flatten
as much as they propagated. Steady flow times (time intervel of a
constant lwrinous sltandoff distance on a blunt model) were on the order
off tens of wmicrousocends, The bebavicr of the piuch tube was found to be
In sgreement willh the epaclence of others.

The reflecizd waves were Tound within the cxperimental error,

roughly 20 peveant, to exhlbit velocities consistently greater than
thogse predicted by cquilibriwn shock thsory. On the basis of an ideal

shoek tube for strong shocks the limiting reflected ratic iz glven by:

Us (7 + 1)

where 7 is the specific hesat ratio. For air with 7 = 1.% +this value

15 one~third so that the ratios lie between one for sound waves and

k8
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one-third for stronpg shock waves., IF a real gas is considered, the
gpecific heal ratic will decrease below cne-third as dissoclation and
fonization ol the gas setu in. This reflects the increase in the number
of degrees of fresdom of the system as rotational, vibrational, and
gvenuially ionlzalion energy modes are excited. The effect on the shock
velocity ratlc, Tor the range incident shoclk valocliles cncountered in
thic vork, ie o decrease it to values lesc than 0,10, In atiesmpting
Yo cxplain this differencs it should be pointed oul that the shoch waves
generated in ths olectronegnetic shock tubs are wore spalogous to blast
waves. Such waves prepagate with a decaylng pressure behind the wave as
in contrast to the slug of unifom gas assumed behind the moving normal
shock, The fact that the reflected velocity lnereased in speed as 1t
propaga.es farther upstress suguests that the wave ie traveling head
on dnte the rarefaction wave which ic reflocted frow the discharge
repion, On the basis of elemsntary theory the hesde-on collision of a
shoci yave and ay£arefactio; vave could give rise to an enhianced shook
vaelecity. Loosdng asgain for acaicgles «ith ithe ideal chock {tube, the
fact that the veilected wave was initially retarded and ia sose cases
turned amun& and started all over again at the reilecting plug secems
to suggesy the interactlon of & heed-on collision of s shock wave and
a contact vwrface. In thils case ildeal theoory nradictes a retardation
of the shock. However, in the case of the reflected velocity ratio at
the wall & more copplex explanation cocens necessary. The hish value of
the reflected velocities would seem to indicate, bascd on the ecuation

above, & reduction in the effective degrees of freedom of the system and



thus a larger specific heat ratic. It would appear that certain none
equilibriug processes and three-dimensional effects must be considered
in order to explain the large reflected veloclties measured in this
iﬁvest%gaticn.

The tine-integrated spectra of the low-pressure discharge were
cheracteristic of spark spectra in air. Strong line radiation from
silicon indicated contamination from the glass walls; elthough the
electrodes showed some erosion, only faint copper lines were evident,
In the maln, the spectrum viewing along the tube axis or directly at
the glass discharge region was characterized by sharp line radiation
from neutral end singly ioniged oxygen; nitrogen lines were often
hazy and diffuse, It is not spparent from such time~integrated spectra
how severely the contamination level would affect radiation heating
studies on & blunit obstacle placed in the shock flow.

In conclusion, the electromagnetlic shock tube is an attractive
device for producing very strong shocks for short durations. However,
it has been shown that the luminous shocks are far from simple. The
flow cxhiblts nonuniform gas properties and seems to be pilctured more
as 8 turbulent "ball” of gas with no definite contact surface interface.
Reflection of this "ball” of gas was complex and the reflected veloc-
ities were greater than predicted on the basis of equilibrium theory.

A consideration of nonecquilibrium thermodynemice secems necessary to
explain certain aspects of the electromagnetically driven shock tube. In

view of these facts, it is conecluded that the use of the flow generated



-
&5




RUEFERENCIS

Wrisht, J. K.: Shock Tubes, Methuen Monograph, Few York:
John Wiley & Sons, Ine., 1901,

Glass, I. I. and Hell, J. G.: Hendbooi: of Supersonic Aerodynamics,

Section 18, Shocik Tubes, Navord Report 14488, vol. &, December 1959,

Bloxom, D. B., Jr.: Blectrically Driven Shock Tubes, J. Appl. Phys.,

vol. 29, July 1958, p. 1128,

Nerem, R. M. and Lee, J. D.: Initial Performance of the Chio State

University Avc Discharge Bhock Tube Facility, Proceedings of

Supersonic Tuunel Association, vol. IIX, April 26-27, 1962.

Bethe, Hans A., ot al.: Blast Waveu, Los Alames Scientific

Latoratory, Los Alawos, New Mexico, LA-200, March 27, 1958,

. Fowler, R. G. and Lee, R. J.: Rayleigh Aftcrglow in Hydrogen

Discherges, Phy. Rev., vol. 81, Jan.-Maxr. 1951, p. L57.
Powler, R. G., Goldotein, J. 8., and Clollelter, B, E.: ILuminous

Fronts in Pulsed Gas Discharpges, Phy. Rev., vol. 82, no. G,

June 15, 1551, p. 87¢.

Powler, R. @., Atiineon, W. R., Compton, W, D., and lee, R. J.

Sheer Waves in Low Pregsure Spaer!: Discharpge, Phy. Rev., vol. 88,
1952, p. 137

Kolv, A. C.: Zxperimenis at U.S. Naval Research laboratory,

Magnetohy@rodynanics, odited by R. Landshoff, Standard University

Press, Standford, California, 1957, ». Ti=91.

92



10.

11.

1h.

53

Kash, 5. W.: ZIxperimente at Lockheed Missile Systems Diviesion,
Magnetohydrodynawics, edited by R. Landshoff, Standford University
Press, Standford, California, 1937, pp. 92-08,

Jogephson, V.: Production of Hich Veloeity Shoeis, J. of Appl. Phy.,

vol. 24, mno. 1, Janusry 1058, pp. Z0-32.

Ziemer, R. W.: Electromegnetilc Shock Tubos, Dynamices oL Conducting

Gases, Proceodinge of the Third Blenuisl Gac Dynauicc Symposiun,
Fditors, Cambel, A. B. eand Femn, J. B., Northwestern University

Prese, Bvancton, Iil., 1290, pp. 135-140.

« Ziemer, R, ¥W.: Ixperimental Invecticatlon in Megnsto-Acrodynamices,

ARE Journel, vol. 20, ne. ¢, Ceptember, 10650, p. Ch2.

Ziemer, R. ¥.: Inctrumentation for Masmetoserodynsric Heal Transfer,

Space Technology Laborstories, Inc., STL/TR-60-0000-05290,

September 8, 19€0.

15.Cobine, J. D,: Gasesous Conductors, Dover Publicatlons, Inc.,

16,

New York, 1958, pp. 177-181.

Josephson, V. and Hales, R. W.: The Structure of an Electro-

magnetically Driven Shock Tube, Epace Technology Leboratories,

Inc., STL/TR-(0-0000-09007, April 1k, 1960,

17. Barris, E. G.: Exact and Approximate Treatments of the One-

Dimensional Blast Wave, NRL Report L858, Nov. 23, 1959.

18. Povler, R. G. and Turner, B. B.: A Magretically Insulated Shoeck

Tube, Space Technology Laboretories, Los Angeles, California,

STL/TR-60-0000-00180, 1470,



A%
2

139. Niblett, B. and Blackmen, V. H.: An Approximate Measure of the

Ionization Time Behind Shock Waves in Air, J. of Fluld Mech.,

vol, h, 1558, p. 191.
20, Ziemer, R. W.: Extended Hypervelocity Gas Dynauic Charts for

Bauilibrium Afr, Space Technology leboratories, Inc.,

STL/TR-60-0000-09093, April 1k, 1960.

21. MIT Wavelength Tables, Complled by George R. Harrison, John

Wiley & Sons, Imnc., New York, 1939.

22. Handbook of Chemistry and Physies, Chemical Rubber Publishing Co.,

hlst Badition, 1959-1%00, p. 2906.



VITA

James PFraniclin Roach

Born in Washington, D.C., December 8, 193%6. Graduated from
Phillips Academy, Andover, Massachusetts in June 1955; B.8.;
College of Williem and Mary, Williamsburg, Virginis, 1959.
Elected to Phi Bete Kappa, Alpha of Virginia, December 1958.
Presently employed by the National Aeronguties and Space
- Administration at the Langley Station, Hampton, Virginia.

55





