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1.0 INTRODUCTION

The many problems connected with hypersonic flight (some common to both
lifting vehicles and ballistic systems), have sustained the interest in experi-
mental facilities for the study of these problems. Simulation of flight conditions
at high velocities and moderate altitudes requires a facility which will provide
both high stagnation temperatures and pressures. While this is an aim of the
subject facility, there are two added reascns for achieving the high stagnaticn
pressure. A high stagnation pressure minimizes the effects of freezing the gas
composition in the nozzle expansion process. and provides an increased test
section density. (The point at which freezing occurs has been shown to be a
strong function of pressure.) The increased density obtained, at a given Mach
number, facilitates test section measurements by minimizing rarefaction dif-

ficulties. Optical techniques becocme more feasible and fruitful.

Most present hypersonic facilities operate at the minimum stagnation
temperatures necessary to avoid condensation. This means that operating con-
ditions, when stated ir terms of altitudes, often mean density altitude rather
than actual conditions at the given altitude. If simulated free stream tempera-
ture is desired for the very high Mach numoer region, a stagnation temperature

considerably higher than that merely to prevent condensation is required.

Obtaining a very high stagnation temperature even at a moderate density
becomes a problem. Obtaining the combined high temperature with a very high
pressure beccmes even more of a precblem. Given the energy transfer neces-
sary to obtain the extreme conditions, there is still the problem of containing
the working fluid. When extreme temperatures are involved, arc heating im-
mediately suggests itself, since extreme temperatures are characteristic of
arc columns. Electrical energy can also be stored easily and can be released

rapidly and lccally, with the desired high temperature resulting.

Since high velocity means high energy, and energy is expensive, laporatory
facilities must have a limited run time for economy reasons. In particular, this

suggests some blow-down arrangement or short pulse design.
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Like all facilities the hotshot represents a compromise. It is possible to
obtain a relatively long run time (50 msec) as well as high stagnation tempera-
tures and pressures. The inductance type hotshot represents a comparatively
safe and economical large energy facility. The blow down arrangement permits

the use of different working fluids.

This report summarizes some of the work done in connection with the design
and operation of the facility. It does not, however, repeat the design consider-

ations discussed at length in Reference 1.

2.0 FACILITY DESCRIPTION

a. General Layout

A plan view of the laboratory layout is shown in Figure 1. The major com-
ponents are the energy supply system, which includes motor, generator and coil;
arc chamber; nozzle-test section; vacuum tank. The new section of building
constructed tc house the facility included several special features. Perhaps
the most important of these are the extremely heavy concrete isolated mounting
pads for optical equipment. These are 15 in. thick and each has 12-12 in.
diameter column footings which go 10 ft into the ground. (Vibration has been
the limiting factor on the sensitivity of some optical systems of a similar type.
The special construction should eliminate this problem.) Special floor mount-
ings were constructed for the energy supply and the arc chamber. The energy
supply {(except the coil) is bolted down as is the arc chamber. The other com-

ponents are free to move.

Personnel protection was based on the philosophy that energy should be
absorbed rather than deflected, and to be most effective the protection should
be close to the source and/or close to the personnel (rather than half-way
in between). Along these lines sand bags were placed close to the areas where
the highest pressures are developed and sand-filled walls were used for the

tunnel control cubicle,



b. Energy Supply

Large amounts of energy must be supplied to the working fluid in order to
obtain high velocities. The energy is obtained by storing it over a long period
of time and discharging it over a short period of time. The energy is taken
from an ordinary small motor and first stored as kinetic energy of a heavy fly-
wheel. It is then restored in the magnetic field of a large coil, charged by

a unipolar generator. A schematic of the circuit is shown in Figure 2.

The motor brings the flywheel-rotor of the unipolar generator up to a
maximum speed of 10,000 rpm. At this speed the kinetic energy stored is
20 x 106 joules. The period of time for this to occur is about 15 minutes.
The field of the unipolar generator is then turned on (by closing switch Sl)’
and current is built up in the coil. When peak current is reached, in about
3 seconds, switch 82 is opened and current is transferred to the arc-chamber
electrode part of the circuit. S3 is a fuse-switch arrangement designed to

carry current until switch S, is completely opened. When current builds up

2
in SZ’ a combination of resistance heating and magnetic forces force it open.
Anarc is thereby initiated, resulting in a high voltage and fast dissipation of
current (about 10 milliseconds), thus heating the gas in the arc chamber,

increasing temperature and pressure to the required values.

The coil is designed to store 6 x 106 joules at the peak design current of
315,000 amperes. Design of the coil-energy storage system is described
in Reference 1. It is based on an Allis-Chalmers unipolar generator which
is rated to deliver 60, 000 amperes continuously but was installed for pulsed
operation with a peak current of 500,000 amperes at 45 volts. (Somewhat minor
modifications had to be made to the generator installation, both mechanical
and electrical, after the system was initially checked out.) The current level
is controlled by both generator field current level and flywheel rpm. Ordi- -
narily less than 1/3 of the energy stored in the flywheel is transferred to the

coil so that the rpm decreases about 25% during the run. Figure 3 shows a



photograph of the energy supply system. The units are numbered in accordance

with those in Figure 1.

The sand bags which appear on the top of the coil in Figure 3 were placed
there to keep the top cables of the coil from bouncing up. During the run, when
current is passed through the coil, the parallel conductors tend to squeeze
together, decreasing the total cross sectional area of the coil, and increasing
the overall average coil diameter. During the rapid decay of the current the

compressed insulation tends to make the coil cables fly apart.

Originally omission of fuse-switch S, (Figure 2) and initiation of an arc

directly across the electrodes, was consfderedo If this is done, switch 82
must completely break a circuit carrying up to 300,000 amperes. That would
mean that there is always a danger of extended arcing at switch 82 instead of
inside the arc chamber. The latter problem is eliminated by use: of the fuse-
switch 83 which is designed to carry current for a short period of time, until
switch 82 is open enough to prevent arcing across its contacts. Switch S2 then

is a transfer switch rather than a breaker and switch 83 becomes the breaker

(this idea was originally employed at AEDC Tullahoma). Ideally, switch S2
should be omitted completely. However, that is not possible because of the
small size of the arc chamber and the comparatively long current build up time
in the coil. It was possible to design a small switch to carry a large current
for milliseconds but not for seconds. With the double switch arrangement it

is still necessary to open the transfer switch rapidly ( about 5 in. in 10 x 10_3
sec). A compressed air cylinder (1500 psia) with nylon-piston-solenoid valve
arrangement is used for the purpose. The circuit employed is shown in Figure
4 and a photograph of the switch is shown in Figure 5. The design considera-
tions for the fuse-switch 82 is discussed in Appendix A. The external electrodes
shown in Figure 5 were used to develope the switching system.

Connection between the generator and coil is made by means of two solid
aluminum bus bars, 4 x 20 in. in cross section, on 7. 5 in. centers. The con-
nections between the transfer switch and the arc chamber is made by similar
bars, but placed on 4. 25 in. centers, plus vertical copper connecting bars
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(4 x 5 in, cross section) clamped to a section of copper coaxial bus which
becomes the coaxial electrodes in the arc chamber. Insulation is made up

of layers of mylar and cardboard.

The solid aluminum bars were employed for economy, (Laminated bars
used at other high current facilities have many advantages.) Two considerations
are important in the design of the bus bars. One is the inductance of the bars,
the other is the forces between parallel conductors carrying high currents.
Both the coaxial arrangement and the parallel plate arrangement basically per-
mit minimizing inductance. Parallel bars must be close together to minimize
inductance and far apart to minimize repulsive forces. The present design
must withstand repulsive forces computed to be up to 15,000 lbs/ft at 300, 000
amperes, The computed inductance of the generator coil connection is less
than about 3 x 10—6 henries, of the switch-electrode connection, also less than
about 3 x 10_6 henries. (The resistance of the vertical bus bars plus coaxial

bus bars is about 25 x 10—6 ohms, neglecting contact resistance, )

Current measurement is made by means of a Halltron Current Transducer.
It is a semi-conductor (about 1/2 in, square x 1/32 in, thick) whose Hall effect
output is employed. The circuit is shown in Figure 6. Arc voltage is indicated

in two ways as shown in Figures 2 and 6,

When two large solid surfaces are in contact to provide for an electrical
connection, if only one point on the surface provides the actual contact, the
high current approaching the point in one conductor has a large component
in the same direction as the current in the mating conductor., This will result
in a large repulsive force between the two conductors for large total currents.
It is therefore important to maintain contacts which '"guarantee’ more than
one point of actual contact—such as the "fingers' used on switches, All of
the connections on the subject facility employ fingers, a series of screws,

threaded connections or soft silver shims,



¢. Arc Chamber

The maximum anticipated energy transfer to the gas was judged to be 2 x 106
joules. For a given energy transfer, the stagnation chamber becomes smaller
as the stagnation conditions become more extreme. Also, as the chamber becomes
smaller, the decay of stangation conditions with run time becomes greater unless
the throat size is correspondingly decreased. Of course, the more extreme the
stagnation conditions, particularly pressure, the more expensive the chamber.
The design point of 80, 000 psi for a 60 in, 3 chamber represents a compromise,
considering throat size, decay of stagnation conditions and cost, (Cost of fab-

rication increases very rapidly for pressures exceeding about 60, 000 psia. )

A cylindrical shape was chosen as most feasible. For the given power input
and small chamber size, the surface of the chamber is so small that radial holes
for transducers, electrodes, charging port, or "dump' port become necessary.
That is, there is not enough space in the ends of the cylinder for all necessary
inserts. This is a disadvantage in a high pressure chamber; since the hoop
stress is greatly increased by the existence of radial holes. Radial holes result
in stress concentrations near the hole and therefore should be avoided if at all
possible. The hoop stress on the inner surface of a cylindrical chamber under
pressure, is of course larger than the internal pressure. Only in the limit, for
an infinitely thick wall does the maximum hoop stress become equal to the inter-
nal pressure. Radial holes increase the maximum stress, so that for a chamber

with radial holes, the maximum stress far exceeds the internal pressure.

The design arrived at, as shown in Figure 7, included three small radial
holes. The design was based on Lame's equation, that is, the exact solution
for an elastic thick-walled cylinder. Stress concentrations at the radial holes
were considered in terms of a modified stress concentration factor based on the
exact solution for the stress distribution at a hole in an infinite slab, since no

solution exists for the actual case of a cylinder.



The high stress concentrations combined with the limited strength of available
materials meant that pre-stressed shells would have to be employed. The greater
the number of shells employed, the more uniform the stress distribution. How-
ever, cost of fabrication increases rapidly with number of shells so that a mini-
mum number of shells for the best available material represented the best com-
promise. This resulted in three shells with initial and final stress distributions
as derived in Appendix B. The final distribution is the maximum stress at a hole
resulting from 80,000 psi internal pressure superposed on the initial stress due
to shrinking. The shrink fit pressure was first obtained for the inner two shells
which are then considered one shell to determine the shrink-fit pressure for the
outermost shell. The necessary interference between shells is then computed
based on an ultrasonic measurement of modulus of elasticity. The pre-stressing
is accomplished by heating the outer shell and slipping it over the inner and

letting it cool.

Structural problems due to high stagnation temperatures are minimized by
a short operating time. In addition a liner is employed to insulate the basic struc-
ture from the hot gas without the liner itself providing any structural support.

Ideally the surface of such a liner should not melt or sublimate.

Studies were made (see Appendix C) to determine the heat transfer to the
arc chamber under a few typical initial conditions. Two problems were considered:
(1) conduction and radiation to the inside walls of the arc chamber liner, and (2)
forced convection to a radial port insert. Since the determination of heat transfer
rates depends upon a knowledge of the time varying gas properties while the tunnel
blows down, an analysis was first made to determine the effects of variation from

the perfect gas laws, and energy loss by radiation, on the gas properties themselves.

The surface temperature of the liner as a result of conduction only was com-
puted using a simplified model. If the gas is assumed to act like an infinitely
long solid with the proper thermal diffusivity, then conduction to a copper liner
results in a surface temperature rise of only a few hundred degrees at the most

extreme stagnation conditions. The liner temperature resulting from radiation
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is a more severe problem. A simplified model was employed tc compute the
temperature one could expect. Radiation from the gas was assumed to be com-
pletely absorbed by the wall and wall re-radiation was neglected. It can be shown
that for the short time involved, the cylindrical solution simplifies to that for

an infinite one dimensional slab. The expression for the net radiative heat trans-
fer simplifies for the case of a gas at high density and temperature radiating

to a black walled container at a low temperature relative to the gas temperature,
to the Stefan-Boltzman law. I the decay of stagnation conditions with time, due
both to mass outflow through the throat and radiative heat transfer to the wall,

is considered, then the increase in liner wall temperature is not prohibitively
high, For a gas temperature cf 10, 000°K at an initial deneity of 8 T‘&bs/ﬁt3 the
outside wall temperature of a 1/2 in. thick copper liner increases less than 100°K.
The temperature of the inside surface of the liner goes through a maximum

(~ 15OOOK) very rapidly (in about 10 milliseconds) and decays rapidly. The cop-
per liner at ~ 1/16 ir. depth reaches & temperature peak (QOOOK) more slowly

(in ~ 50 milliseconds) and decays more slewly. The “radiation heat pulse"
broadens, becoming very flat as the cutside surface of the liner is reached.

A liner of somewhat higher conductivity would make the peak liner temperature

lower and result in somewhat higher temperature at the outer surfaces.

In additicn to protecting the arc chamber pressure shell from exposure to
the hot gas, the liner acts as the outer electrode for the coaxial electrode arrange-
ment. A change in the liner dimensions alsc allows some change in internal
volume without alteration to the arc chamber shell, and a resultant change in
stagnation conditions. Clearance between the liner and the arc chamber shell
is kept small ercugh so that the liner will not expand beyond its elastic limit
even at peak design pressure. The material chosen fora combination of good
conductivity and high compressive strength was a hardened beryllium copper
alloy (about 50% the conductivity of copper with a proportional limit of ~ 80, 000

psia) Thelinersfor the radial holes areof steel; press fit into the holes.



In addition to the structural problems in dealing with a high temperature
high pressure gas, there is also a sealing problem tc prevent leakage of hot gas
which can cause damage to the chamber structure. The seals, tested hydraulically
to 100, 000 psia, employ a combination of o-ring and steel wedge rings. The
o-ring seals at low pressure and puts the initial load on the steel wedge rings.
In addition, the o-rings are removed from the inside surface of the chamber so
that gas between baffling surfaces as well as the surfaces themselves provide

some protection from the hot gas and the arc column.

For operations at extreme temperature and pressure conditions a quick ex-
haust valve to minimize chamber damage becomes essential. Such a valve must
be fast acting to be effective. The design employed is shown in Figure 8, An
ordinary detonation cap is employed to rupture a diaphragm. The second dia-
phragm which provides the seal is then ruptured by the pressure in the chamber.
The advantage of this arrangement is simplicity. The two diaphragms combined
this way, act as one of a thickness equal to the two together. The thickness of
the top diaphragm which can be easily ruptured by the cap, is enough to with-
stand considerably more than one-half the maximum chamber pressure by itself.
The second diaphragm is then thinner than that required to withstand one-half
the chamber pressure. There should therefore be reasonable surety of diaphragm
rupture and consequent quick exhaust., The cap is placed in the mounting in an
upside-down position so that it more efficiently blows outward, with the direc-
tion of the exhaust, to minimize detrimental effects to the inside of the arc cham-
ber. The cap is triggered by a sensing coil placed inside the energy storage
coil. During the discharge in the arc chamber the rapid decay of current in the
energy storage coil induces a signal (~ 40 volts) in the sensing coil which in turn
is transferred to a delay circuit set so that the detonation cap will receive > 5
amperes, a given time (~ 35 msec) after the signal resulting from the current
discharge. Figures 9 and 10 show the circuits employed. The dump valve

exhausts to the roof through a 6 in. pipe.



For insulation between inner and outer electrcde epoxy-glass was chosen
for operation at high pressures. Natural mica is used to take the large axial
load on the inner electrode. For moderate pressures, delrin and nylon are used.
There is one very good ground made at the arc chamber. Any other grounds

are avoided.

A Dbaffle is placed in front of the throat entrance as shown in the sketch of
Figure 7. The baffle reduces the amount of contamination in the flow and pre-

vents the arc column from entering the throat area.

A mylar diaphragm is placed as shown in Figure 7, for operation at moder-
ate conditions. For the more extreme pressures, there is provision for a larger
metal diaphragm or a nylon plug may be used instead. (The latter method has

been used in a free jet expansion study. )

Figure 11 shows a photograph of the arc-chamber mounted in its cradle
with its parts laid cut. The chamber and cradle move on tracks and are locked
to the stand by means of a conical plug inserted into a conical hole in a "center-

board'. The stand is bolted into channels in thefloor constructed for the purpose.

As shown in Figure 7 the throat section is replaceable and the initial part
of the nozzle is part of the arc chamber. Figure 12 shows the arc chamber,
the arc-chamber nozzle-test section arrangements, and the vertical dump

valve exhaust pipe.

d. Nozzle Test Section

In the abstract, if any amount of energy can be added to the stagnation
chamber fluid, any corresponding velocity should be cbtainable by expanding
through a nozzle. The ""real-gas' expansion through a nozzle, however, limits
this process. Some of the energy transferred to the stagnation gas is 'frozen"
in it. That is, it is not recovered in the form of kinetic energyv. In addition,
the boundary layer growth may be such that the displacement thickness in-
creases faster than the nozzle radius, and a more rapid increase of the nozzle

radius may cause boundary layer separation in the nozzle, with a resultant
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decrease in effective nozzle radius. Several aspects of the boundary layer

problem are discussed in a separate report, Reference 3.

A conical nozzle was chosen for versatility, simplicity and economy. The
total included angle of 15° was a compromise between a small angle for mini-
mum gradients in the axial direction, as well as minimum possibility bound-
ary layer separation, and a large angle for minimum boundary layer thickness
or maximum uniform core diameter. It now appears that the angle could have
been increased without any danger of separation. Nozzle area ratios are changed
by changing the nozzle throat section diameter. The throat is designed as a
cylindrical section so the true constant cone angle is maintained, when the diam-
eter of the throat is varied from ~ .02 in. to ~. 15 in. The throat sections used
have been of beryllium copper and tungsten. For the less extreme temperatures,

commercial copper should work well.

The test section is in the nozzle itself at a station where the nozzle is ~ 19 in.
in diameter, so that the nozzle is quite short (~ 6 feet from throat to test section).
Windows (1 1/4 in. thick) 15 in. in diameter provide for a 12 in. schlieren view.
Closures to replace the windows were provided for an uninterrupted inside conical

surface when desired.

The nozzle-test section is in one section mounted on wheels for easy removal.
Provision was made for mechanically isolated model support as well as model
lead access ports; in the tank just downstream of the test section. The test section-
nozzle can be removed without interfering with the model. Alternate test sec-
tions (such as a cylindrical one built recently for the study of underexpanded jets),

can easily be inserted without undue cost.

e. Vacuum System

The 400 ft3 vacuum section pumped down by a Stokes rotary pump—10 in.
diffusion pump combination was described in Reference 1. A heavy iron mesh
"catcher' was placed near the downstream end of the vacuum tank. The effect

of this porous surface on the starting shock has not been determined.
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A vacuum reference and calibration system was designed and built with a
small chamber, separate mechanical pump, small diffusion pump, and a
McLeod gage with refrigerated trap as a primary reference, Thermocouple
gages and ionization gages are used in the large vacuum system. AnAlphatron

is very convenient and does excess duty for many kinds of interim checks.

Figures 13 and 14 show the tunnel looking south and north respectively.
Figure 15 shows the instrument-control room enclosure, It is insulated and.

connected to the one common ground.

3.0 OPERATING CONDITIONS AND MEASUREMENTS MADE

Computed design operating limitations were discussed in Reference 1 for
up to a maximum energy transfer to the gas of 2 x 106 joules. This assumed
an efficiency of energy transfer from the coil of about 30%. The initial operat-
ing conditions were in the region of 15, 000 psia stagnation pressure and 3000°K
stagnation temperature with nitrogen as the working gas. At these conditions
the efficiency appears to be close to 50%. The percent efficiency should not
alter appreciably since the major part of the loss would be at the switch,
and for a given circuit would remain a given proportion of the total energy stored
in the coil. The maximum stagnation condition would then be somewhat higher
than those shown in Reference 1. Figure 16 shows approximate stagnation con-

ditions as a function of energy transfer.

The air data were taken from Reference 6. For densities above 100 times
atmospheric density intermolecular forces become important and an equation
of state is not available. This region of the curves in Figure 16 was extrapolated
from the lower values. The nitrogen data were taken from Reference 7 which
takes intermolecular forces into consideration and extends into the higher den-
sity region. As can be seen in Figure 16 the stagnation conditions for nitrogen
differ considerably from that of air, for a given energy transfer, at the more

extreme conditions.
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Although any good determination of test section conditions must be made by
test section measurements rather than computations based on stagnation chamber
measurements, initially, pressure measurements made were used to determine

free stream Mach number assuming isentropic flow through the nozzle.

The computer program employed by VKF, AEDC, Tuilahoma, sometime
ago (Reference 4) (since replaced by one based on a heat transfer measurement),
was employed to calculate free stream Mach number. It is not a good calcula-
tion since it assumes an overall average temperature in the arc chamber based
on constant volume heat transfer, and equilibrium isentropic flow through the
nozzle, (The sample calculations in Reference 4 show a total temperature behind
a normal shock to be in some cases greater than stagnation chamber stagnation
temperature by as much as 9% This appears to be lack of accuracy in the cal-
culation which is based on empirical expressions, rather than a program er-

ror.)

The stagnation pressure in the arc chamber was measured by means of a
Kistler No. 601 crystal transducer with a high pressure adaptor and non-magnetic
housing. The total pressure behind a shock was recorded by means of a variable
reluctance differential gage (in the range 0 - 1/2 psia and 0 -3 psia) of the type
made by Hidyne (Reference 5) with Hidyne amplifiers and recorded on a CEC

oscillograph.

The differential type pressure transducer was mounted close to the opening
of a pitot tube and at right angles to it. One side of the transducer was connected
to the vacuum reference. (Immediately after the run there is time to open it
to the test section pressure so that the transducer does not see the final differ-
ential pressure of one atmosphere to the reference vacuum system.) The gages

are calibrated immediately before and after each set of measurements.

Figure 17 is a photograph of an early oscillograph trace showing typical
traces of current, voltage and arc chamber pressure, as well as one blunt body
stagnation point pressure measurement. (Note sharp decay in arc chamber pres-
sure after dump valve opens, with flow break-down soon after. )
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Figure 19 shows the results of a pressure rake measurement made with the
rake shown in Figure 18 offset in the vertical position to show pressure fall-off
due to boundary layer. The boundary layer appears to be somewhat thinner than
anticipated and could not be "'seen' in measurements such as that shown in Fig-
ure 20 taken with the rake centered. Based on very limited data, one would expect
the core flow to be about 15 in. in diameter. This means that the boundary layer
is considerably thinner than that for similar facilities which have smaller nozzle
angles and much longer nozzle lengths. Much more data are required to predict
test section uniformity. Among the problems encountered has been the predic-

tion of the way in which the diaphragm opens and its effect on the flow.

Samples were taken of foreign particles in the test section as accumulated
on surfaces of several sizes held perpendicular to the stream. These were smaller
than could be measured by an ordinary microscope and so were placed under an
electron microscope. Most of the particles were found to be considerably less
than 1 micron in diameter. It should be noted that the foreign matter ina stream
measured by accumulation of particles on a body in the stream may be more a
function of the size of particle than of the total quantity of foreign material. If
the particles are larger in size, more will be collected, if small in size, less

will be collected.

For the low test section densities usually obtained at high Mach numbers,
a very sensitive schlieren system is required. This means that a long focal
length is desirable, which in turn depends to some extent on the space available.
Folding usually becomes necessary, but with each additional optical offset there
is a decrease in image quality. A double pass 12 in. system was chosen for its
sensitivity and the minimum space requirement on one side of the test section.
The parallel design was considered advisable because of the better image quality
and the built-in versatility. (The parabolic mirror surface is close to that of a

sphere, so that it could be used in a non-parallel arrangement if desired. )

The system was checked for sensitivity by means of a glass wedge of known

wedge-angle and a microdensitometer tc record the variation in light intensity as
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indicated by a given photographic emulsion. Details of the system are discussed
in Appendix D. The system has recently been delivered and has not been used,

as yet.

The measurement of velocity by photographing the convection of a blast wave
downstream has been employed in several hypersonic facilities (see Appendix E).
Toward that end, circuits for initiation of a spark disturbance and for a time
delayed initiation of a schlieren spark source were built and checked at relatively
high pressure statically. Use under tunnel conditions awaits complete check-out
of the new, more sensitive schlieren system. The circuits are described in Appen-

dix E.

Early in the present program, it appeared that a direct measurement of free
stream density could be made by means of a probe employing a glow discharge.
Such a discharge has characteristics which depend on the state of the medium gas
in general and the gas density in particular. Several ideas for such a probe were
explored with good results but a great deal of further work must be done to per-

fect a convenient scheme. The exploratory work done is described in Appendix F.

4, 0 CONCLUSIONS

It appears that there are many advantages to an inductance type hot-shot facil-
ity. Energy can be effectively stored in a coil over a long period of time and quickly
transferred to the working fluid by means of arc heating, thus achieving very high
stagnation temperatures and pressures. The fluid can then be expanded to very
high Mach numbers, with quasi-steady flow extending over a reasonable length
of time. There are three main problems associated with the hot shot facility,
however. They are: (1) radiation losses at temperatures above 4OOOOK, (2) foreign
substances (from the arc chamber) entering the working fluid, and (3) test section
measurements. These problems are to some extent common to any facility operat-

ing at very high temperatures.
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As the temperature of the working fluid increases, heat transfer by radiation
increases exponentially, so that above about 4000°K there is a rapid loss of energy
with time with concombitant decay of stagnation conditions. This loss can be
somewhat diminished by the use of reflecting wall surfaces—or insulating ma-
terials which can withstand the high temperatures. Perhaps a much more promis-
ing approach, in view of the present day materials limitations, is programmed
energy input. That is, the transfer of energy to the working fluid at the same
rate that energy is being lost through radiation to heat-sink walls. The inductance

energy storage system may be particularly adaptable to this scheme.

The contamination (foreign substances in the working fluid) is also a problem
common to all high temperature facilities. It appears that a really pure working
fluid at high temperature is not possible in any facility. The problem becomes
how to minimize the contamination, and how to determine the exact composition.

This leads to the third problem mentioned —that of test section measurements.

At high temperatures, 'real-gas'' phenomena such as deviation from thermal
equilibrium become important. It becomes too difficult to compute the test sec-
tion conditions based on stagnation chamber measurements. Measurements must
therefore be made in the test section itself to determine the condition of the work-
ing fluid. The combination of high velocity (high stagnation temperature) and low
density in the test section makes the "usual" measurement of static free stream
pressure and determination of density gradients by schlieren photography extremely
difficult. The lack of knowledge of composition at extreme conditions complicates
the problem further. New techniques for determining the state of the gas must
be explored. The perfection of such techniques has proven to be very limited

without extensive funds.
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APPENDIX A

THE ARC-INITIATING FUSE-SWITCH

by
D. D. McBride and P. O. Handy
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NOMENCLATURE

Cross-sectional area of fuse

See Figure A-2

Electromagnetic field strength
Integration constant

Integration constant

Integration constant

Integration constant

Specific heat

Specific heat of fuse

Modulus of elasticity

Force distribution on fuse

Force distribution at tip of fuse

Force distribution at clamp end of fuse
Current

Moment of inertia

Current through co-axial buss and fuse

Main buss bar final current

Main buss bar current as function of time

Experimental constant
Conversion coefficient

See Figure A-2

See Figure A-2

Moment on fuse

Mass

Mass of fuse

Effective load at tip of fuse
See Figure A-2

Resistance

Resistance of co-axial buss
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Resistance of fuse at reference temperature Tr
Resistance of fuse as function of temperature
Resistance of main transfer switch

See Figure A-2

Temperature

Temperature of fuse at main switch opening (at time, t = 7)
Temperature of fuse at breakage (at time, t = tB)
Initial temperature of fuse

Reference temperature

Time

Time from main switch opening to fuse breakage
Shear force on fuse

See Figure A-2

Deflection of fuse

Mass density of fuse

Slope of fuse

See Figure A-2

See Figure A-2

See Figure A-2

Permeability of free space

Resistivity of fuse

Current buildup time

See Figure A-2
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INTRODUCTION

The unit shown as S3 in Figure 2 is not really what is conventionally
considered either a fuse or a switch. It is a copper bar, installed in parallel

with the electrodes, which is designed to break in such a manner that the contact
points at the break widely separate very rapidly, initiating an arc across the elec-
trodes. The bar must be designed to carry part of the current during the rela-
tively long (approximately 3 second) current buildup in the coil as well as the total

current for the short time necessary to allow the main transfer switch S, to open

completely. ’
This switching method was designed by first using the arrangement shown

in Figure 5. A "V" shaped copper bar (~ 1/4 in. x 1/8 in. x 4 in. ) fastened

to the bottom ends of the external electrodes, separated and flattened out against

the vertical external electrode bars (as can be seen in Figure 5) initiating an

arc which travelled up the vertical bars extremely rapidly (as indicated by Fastax

photographs). The arc tends to maintain itself with the arc column roots at the

top outermost edge of the vertical bars, the arc column stretching into a large

arch.

To prevent an arc from being maintained at the main transfer switch Sz, the
resistance in the fuse-switch (hereafter called simply the fuse) S3 part of the
circuit should be so small that the voltage across it is smaller than that neces-

sary to maintain an arc at S, (about 20 volts) or approximately 100 x 10-6 ohms

at 200, 000 amperes. ’
The time between the opening of the main switch S2 and the breaking of the
fuse S3 is of critical importance. If the fuse breaks pre-maturely, the main
switch may not be completely open and an arc may be maintained across the
main switch itself while a late opening fuse allows a waste of energy by dissi-
pation through the circuit resistance. A delay time of 25 milliseconds was

chosen for optimum performance,
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After testing several different fuse designs and materials, an annealed copper
fuse of the configuration shown in Figure A-1, was chosen for its simplicity and

reliability.

This appendix describes the method of calculating fuse size to give a certain

breakage time.

CALCULATION OF THE FORCE ACTING TO BREAK THE FUSE

Figure A-2 shows a schematic of the fuse configuration chosen for the arc
chamber. The repulsive force distribution between the two bars in the electro-

magnetic field generated by the current is given by

{
F = IJ Bd¢ (A-1)
0
where
a
_pIf sin 6 dx )
B = j ————rz n (A-2)
0

(See Krause, John D., Electromagnetics, McGraw Hill, Inc., 1953, pp. 145-167.)

(In Equation A-2, u is the permeability of free space and I is the current through

the bars.) Now:

dx sin 0 = rdf
and
rsinf =R+ £ sin¢ ;
therefore,
R+ £ sin ¢
r=—————
sin 6
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Substituting this into Equation A-2 and noting that as x varies between 0 and a,

f varies between 6, and 6

1 2’
92
_EJ sin 6d6 i
B—TT R + £ sin ¢ (A4-3)
91
pl ’
“ 47 (R+ L sin ¢) [- cos@]el (A-4)
It can be seen from Figure A-2 that
: { cos ¢
cbs B, = -- —
2 V(R + £ sin ¢>)2 + (2 cos ¢)
cos91= a-{cos¢
V(a -2 cos $)2+ (R + £ sin ¢)2
Therefore, from Equations A-1 and A-4:
2 o
ol uJ { cos ¢
am o LR+ 0 sin 9) V(R + ¢ sin ¢)2 + (¢ cos )2
(A-5)

a-{cos¢ a0
(R+ ¢ sin o) V(a - £ cos )2+ (R + £ sin ¢)2

This equation assumes the fuse to be of curved cross-section (the center of
curvature being at the centerline of the center electrode) and of infinitely small

thickness.

If the fuse is considered to be a beam, rigidly clamped at one end, the situa-
tion can be approximated by a one-dimensional beam problem. Equation A-5 can
be numerically integrated to give a force distribution similar to that in Figure
A-3. Approximating this distribution by the linear force distribution shown in

Figure A-4 simplifies the problem considerably.
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The beam equations are as follows:
Load:

F_.— F
_ L 0
F-FO+ T X
Shear:
VzJFdx
F_ -F
L 0 2
—F0x+ 5T X +C1
Moment:
M=Xde
F F.- F
0 2 L 0
—-TX + 58 X +C1x+C2
Slope:
M
G—A\E'de
- L —F—Ox3+FL FOx4+—c--1—x +C,x+C
" EI| 6 24 L 2 2

A-4

(A-6)

(A-8)
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Deflection:

y=§o9~dx
-—I—-I-T‘Qx4+————FL~ FOx5 Sl 3+—c—‘2x2 C x+C]
“EI |24 120L >t @8 X T2 Xt 4

The boundary conditions on the beam are given by:
atx=L, V=0 M=20 atx=0,=0 y=0
Applying these boundary conditions, the constants are found:

F. + F 9F. + F
c.=-—2_0p c -—L 042

Thus Equation A-10 becomes

1fo a4 FuoFos Futfo 3 ot a2
Y=E1|24 120 L 12 12

and the deflection at the tip of the beam is

llFL + 4F0 4

YL =120 El -

This deflection due to a linear force distribution across the beam can now
be equated to the deflection caused by a single load P at the tip of the beam.
The load P required to satisfy this equation can then be considered to be the

effective force tending to break the fuse at the tip.

For an end loaded cantilever beam, the deflection at the tip is

(A-10)

(A-11)

(A-12)

(A-13)



Equating Equations A-12 and A-13 and solving for P:

11F_ + 4F
L 0
P ——'———"46"——1.4 (A-14)

The numerical constants for the fuse configuration used are:

L=32cm R=1.6cm

a =4,8cm ¢ = 39°
and, =47 x 10—7 %%;%S . Using these values in Equations A-5 and A-14
gives a value for P as a function of current.

P=.1548 12x 10" " lbs

where the current I is in amperes.

PREHEATING OF FUSE PRIOR TO MAIN SWITCH OPENING

When an electric current flows through a resistance, heat is produced which

raises the temperature of the material according to the relationship

kI°Rdt = M CpdT . (A-15)
When I is the current in amperes, R is the resistance in ohms, t is the time in
seconds, M is the mass in grams, CPis the specific heat in calories per gram -

oC, and T is the temperature in OC, the constant k is equal to 0. 2389.

A schematic drawing of the parallel circuit of the arc chamber prior to the
opening of the main switch is shown in Figure A-5. From the figure it is seen
that

I

2°"R +R +R (A-16)
S (¢ fT

Equation A-15 when applied to heating of the fuse becomes
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234,54+ T

. 2389 _ 2 9 9 A
—5—RSR, 71, “=M,C, 1(RS+ R,)"(234.5+T) In gor e+
r S f 0
2345 R, 2
r
{2 (R + R ) Rfr " 934,54 T } (Ty - Tg)+
2
Ry T2 2
r A 0 (A-21)
2345+ T_| 2 2

Both the mass of the fuse M, and the reference resistance Rfr are functions
of the length L and the cross-sectional area A of the fuse and may be represented

as follows:

M, =06 LA

=
1
©
>\

where 6 is the mass density of the fuse material and p is the resistivity of the

fuse material. Equation A-21 now becomes:

, , ; 234.5+ T,
L0796 R “p 71, “=8AC, ((R.+R )" (234.5+ T ) Ingorrer

S f 0

2
+

234. 5 p2 L2

L
2(R_+R )pt+ (T, -T.)+
[ s CTA A2(234.5+Tr)J A 0

5212

5 (A-22)
A" (234.5 + Tr)

2 2
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2
. 2389 1, RfT dt = M, cPf dT . (A-17)

Now, the fuse resistance as a function of temperature is obtained from the

following considerations.

The resistance of copper decreases with temperature at a rate which is prac-
tically linear and if extrapolated would give a resistance of zero at - 234, 5°C.
Therefore, if the resistance of the fuse at temperature T is RfT and the resistance
of the fuse at some reference temperature Tr is Rfr, then

R _234.5+ T R o (A-18)

fT 234. 5 + Tr fr

Assuming a linear buildup of current with time, the main time dependent bus
bar current ITt can be considered to be a linear ratio of the final desired bus bar

current ITsi' Thus, considering 7 to be the total time for current buildup,

t
I = ;I (A-19)

ITS Rs Rfr 5 (Rs + RC)2 (234. 5 + Tr)
. 2389 5 t7dt = Mf CP 23457 ) + 2(Rs + Rc) Rf +
T f r
234.5+ T 2
(2340 54 T ) Ry JdT (4-20)
r r
Integrating Equation A-20 between the limits 0 < t< 7and T0 <TL T A’

where TO is the initial temperature of the fuse att =0, and T

ture of the fuse at main switch opening, gives:

A is the tempera-
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For a given current buildup time 7, Equation A-22 contains three variables—

ITS, A and T A graph such as that shown in Figure A-6 may be drawn from

A
Equation A-22 to show the relationship between these three variables.

FUSE HEATING AFTER THE MAIN SWITCH OPENS

The process for finding the temperature of the fuse at breakage is essentially
the same as for finding the temperature at the opening of the main switch with the

following exceptions:

1) the current is assumed constant at a value of ITS
2) there is now no parallel circuit; therefore, ITS is the current passing

through the fuse.
Equation A-20 becomes:

234. 5 + Tr
234.5+ T

2
. 2389 IT Rf dt = Mf CP
S r f

dT (A-23)

and integrating between the limits T, < T < TB’ where t_ is the time from main

A— B
switch opening to fuse breakage and T is the temperature of the fuse at breakage,

B
gives:
9 234. 5 + TB
. 2389 IT Rf tB = Mf CP (234.o 5+ Tr) In m (A—Zf‘l)
s r f A
or
My Cpf (284.5+ T ) 934 5, T,
t, = In (A-25)
B 9389 1 2R 234°5+TA
Ts fr

However, from experimental results it was found that since the total current
ITS was not achieved immediately after the main switch opened, the time to break-

age was slightly longer than predicted. To allow for this an experimental constant
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K is introduced into Equation A-25 giving:

KM CP (234.5+ T))

f ; r 234. 5 + TB
t, = In : (A-26)
B 9389 [ ZR 234, 5 + TA
T f
S r
and in terms of p, 6, L, and A:
K6A2C (234.5+ T )
Cpf\ PN ey
t = ’ In (A-27)
B "23891sz 23‘1:a5+TA

S

Equation A-27 contains one new variable, T has already been chosen

B (tB
to give optimum performance). A plot of material tensile strength vs. tempera-
ture such as that shown in Figure A-7, amounts to another independent equation

in no new variables since it is a plot of P/ A2 vs. T, and P has already been calcu-

B
lated. Thus there now exist three independent equations in four variables and a
graph such as that shown in Figure A-8 can be drawn showing cross-sectional

area against run current for a breakage time of 25 milliseconds.

CONSTANTS FOR FUSE SIZE DETERMINATION

The constants associated with the present fuse configuration are as follows:

R, -70x10° %@ RS:15x10'69
p=1"724x 10790 cm 5=8.9 gm/cm3
L=32cm Cp  =.093 cal/gm °c

Ccu
7=1.5 sec tB = 25 milliseconds

K=1.3

After the fuse size has been determined, the fuse should be made slightly
oversize and a hole drilled at the desired breaking point to adjust the cross-

sectional area and to assure that the fuse will break at that point.
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NOMENCLATURE

o Stress

6 Angle between maximum stress concentration and direction of applied
stress

N Proportionality factor of longitudinal to circumferential pre-stress

K Stress concentration factor

r radius

p pressure

m (outer radius of shell/inner radius of shell)2

A,B,C Inner, middle, and outer shells, respectively

E Modulus of elasticity

6 Radial Interference
Subscripts

6 Circumferential direction
n Normal direction

i Inner

) Outer

r Radial direction

f (due to interference fit)

z Axial direction

design Design value
S Shearing
A,B,C (as above)
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INTRODUCTION

The arc chamber shell is designed to contain a high pressure hot gas with a
maximum operating pressure of 80,000 psi. The basic design procedure centers
upon Lame's solution for a thick-walled cylinder and gives a moderately conser-

vative result (based on beginning of yielding) (Reference B-1).

Potomac "A" (Allegheny Ludlum Corp. ), a high chromium-molybdenum con-
tent steel, was chosen for the shell due to its high strength. At the optimum
condition its yielding strength is approximately 230, 000 psi and its ultimate ten-

sile strength is above 280, 000 psi.

There are three holes in the walls of the arc chamber —a pressure relief
passage or "dump valve', a transducer hole, and a charge gas inlet. Because of
the discontinuity of material, the maximum concentration of stress will be located
at the edge of these holes. There is no available exact solution for the determina-
tion of the stress concentration at a hole in a curved wall. However, there is an
exact solution for the stress concentration factor at a hole in an infinite flat plate.
Because of the relatively small hole diameter in comparison to the wall curvature,

this solution is used in this case.

Since no available material is strong enough to withstand the high stress con-
centration located at the holes, a pre-stress design method is adopted. The
chamber wall is therefore divided into three shells. The inner shell is pre-stressed
compressively to balance part of the tensile stress caused by the loading pressure
and its thickness is computed to give a minimum stress concentration at the holes.
The thickness of the middle and outer shells are computed to give as nearly as
possible an even stress distribution through the chamber wall. The three holes
are located 120° apart to give a more even stress distribution along the circum-

ference of the chamber wall.

The inside diameter of the inner shell is not uniform, becoming greater at the
two ends. Therefore, to assure a relatively uniform compressive pre-stress
distribution along the chamber core and to decrease the initial compressive stress
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at the threaded sections located at both ends, the contours of the middle and cuter
shells are tapered toward both ends. As a result the thickest part of the chamber

wall is located where the loading pressure directly applies.

The maximum outside diameter of the arc chamber is 22 inches and the overall
length—determined by the length of the chamber core, the electrode arrangement,
and the length of the two end plugs—is 33 1/4 inches. The arc chamber sketch is

shown in Figure

DETERMINATION OF STRESS CONCENTRATION FACTOR OF HOLES

It is stated in the previous section that the analysis of 'stress concentration at
a hole in an infinite flat plate will be adapted for this case. The basic solution for
the stress at a hole in an infinite flat plate subject to a uniform applied stress, s

in one direction is

0, =0 (1-2cos26)

where 9, is the circumferential stress at the surface of the hole and at an angle 6

with the applied stress (Reference B-2).

If an additional uniform stress, Non, is applied to the plate perpendicular to
the original stress o (see Figure B-1), the resultant circumferential stress at

the hole is
r !
g, =0 {1-2cos20 +N[1-2cos(206-7)],
o n | J
. 1\ (B-1)
1+N-(1-N)2cos26)
| J

:on\\

The proportion of longitudinal to circumferential pre-stress in the cylinder
is not accurately known but is estimated to be of the order of 1 to 5. This corres-

ponds to an N of 0. 2.

It is obvious from Equation B-1 that Ty will be maximum at 6 =7 /2. There-

fore, 6 is assigned this value and
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o, =on{1+,2-(1—,2)200s7r}

(B-2)
=2.80
n

This coefficient 2. 8 is called the stress concentration factor K. With this
factor it is found later that the highest principal stress in the arc chamber is
200, 000 psi which is far beyond the proportional limit of the material (about
150, 000 psi). Therefore a local yielding will be expected, and a redistribution of
stress through local relaxation of the material will occur. The local yielding can
be judged by means of the appropriate stress-strain curve. Stress-strain meas-
urements were made on specimens taken from each part of the structure. A

typical curve is shown in Figure B-4.

In the design of the arc chamber the stress computation which is based on
linear elastic analysis will be on the conservative side because of a redistribution

of stress at high stress concentration areas.

The assumption stated in the last paragraph must be explained in detail. The
discussion requires reference to the notions of limit design, beyond the ordinary
investigation based on linearly elastic behavior. Limit refers to the state at which
the system has reached its ultimate capacity. The limit considerations become

of significance in general where:

a) the ultimate capacity of a system lies well beyond the state at which stress
may locally reach a prescribed maximum value, and

b) one is forced to design in the realm of the physical strength limits of the
material (this corresponds to the fact that the chamber cannot be signifi-
cantly strengthened by an increase in size or change in geometry).

This is the case with the arc chamber.

The excess of an ultimate capacity over that capacity which corresponds to the
inception of local yielding, is a function of the system's capability for accomplish-

ing a redistribution of stress through local relaxation in the material. This
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capability is in turn measured in terms of the nature of stress distribution at the
state of local yield (it is implicit that the material be able to withstand the requisite

deformation without rupture).

Inversely to this, the existence of stress concentrations implies that nature of
stress distribution for which relaxation may occur. Now, one must note the dup-
licity of concentration of stress, i.e., that the stress diminishes rapidly from a
maximum at the hole's surface (as one proceeds radially outward) and that this
maximum exists at only two points on the circumference of the hole. The former
is revealed in the elastic solution while the circumferential distribution is expressed

by Equation B-2.

The above mentioned duplicity is to be associated with the phenomena of re-
distribution of stress both circumferentially and radially. Once again this re-dis-
tribution will be accomplished as the material in the region of local concentration

suffers progressive inelastic deformation.

It is clear from the above argument that for any material which can endure
some degree of inelastic deformation, a design based on linear elastic analysis

is bound to be quite conservative.

DETERMINATION OF THE O.D. OF THE CHAMBER

From the general expression of Lame's solution, the radial and circumferen-

tial stresses on any surface of radius r are

r2 _r2 (0. - )r2r2
v = i Pi™ 1 po_ Pi =Py Ty T (B-3)
r 2 2 2 2 2
r -, r (I‘ -1”)
0 i 0 i
r. p.-r_ p (p-P)I‘Zl‘z
o :i i 0 o+ i of"i "o (B-4)
2, 2 2 2 2 2
r -r, r (I‘ 'I')
0 i 0 i
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The chamber walls are first considered to be composed of two shells, The
inner shell is subjected to a compressive stress, due to shrink fit, while the outer
shell is subjected to a tensile stress. Let this shrink fit pressure between the
contacting surfaces of these two shells be called pfl.(see Figure B-2). From

Equations B-3 and B-4, the corresponding initial stresses are found:

r r2_ r2
2 1
2 2
I'2 pf r2
o,'=- 1 1 +1
) r2_r2 I.2
2 1
Wherer1_<_r§ Tos
2 2
rZ pf r2
O": 1 - 3 +1
r 2_r2 r2
Ts =Ty
2 2
rZ pf r2
O'v: 1 3 +1
) 2_r2 r2
Ts ~Ty

where r2 <r< r3.

The stresses due to a loading pressure inside the chamber are

I'z ‘rz
o"'—lp —3+1
r 2 2 2

- r

3 71
1’2 I‘z
"= 1 7 3+1
Yo T2 2|2
3 7N



The final stresses are found from the superposition of the initial compressive

stress due to shrink fit and the tensile stress due to loading pressure:

o =0"+0"
r r r

o =0"+0,"

6 0 0
The initial stresses at the surface r = ry due to shrink fit pressure p; , are
1
2
. - 21'2 pfl
0 op r 2 -r 2
F=5 2 M1
o . =0 (B-5)
1
i !
0z << 09
If we use the stress concentration factor K = 2. 8, we can equate
CIdesign
“2' 8 9 ‘ = %4esign or % - 2.8 (B-6)
r=r r=r
1 1
or
2
5. 6 Ty pf1
; 2 r 2 | Gdesign
2 1
(B-7)
o r 2 r 2
_ design "2 1
R 2
2
At the same location the stress due to loading is
r 2 + T 2
1" —_ 3 1 -
% TPy 3 (B-8)
r=ry rg - Ty



The final stress iso.' + ¢.'" or

0 0
. L2 iy 2
o _ _design |3 1
6 N 2.8 . 2 r 2
1 3 1
(B-9)
o .
_ _design [m + 1
2.8 im -1
where
2
3
m= —E (B-IO)
1

If the stress due to the internal loading alone is considered, the stress concen-
tration factor K is found to be equal to 2. 0 from Equation B-2. This is true since
the longitudinal or axial stress is then equal to the circumferential or hoop stress
and N = 1. This is the minimum possibility of the value of K. The maximum possi-
bility has been previously calculated as 2. 8. Therefore, the true value of the stress
concentration factor present, when both internal loading and pre-stressing are

considered, is estimated to be K = 2. 2.
The axial stress o, can be obtained approximately:

0 = —f—5 (B-11)

and for o, = 09 , from Equation B-9,



Pty __Odesign+ m+ 1

L2__2 " 28 "Plm-1

2 1

2 2 1

s =1 {m+1 _Udesign+1] : (B-12)
m -1 2.8p

It is clear that the material at r = Ty the inner surface, is subjected to triaxial
stresses. The maximum shearing stress is equal to one-half the algebraic differ-
ence of the two principle stresses whose algebraic difference is the greatest
(Reference B-4) . Therefore the maximum shear stress located at the edge of

the holes at r = Ty can be expressed as

o = % (hoop stress - radial stress)

= % 2.20 +2p) (B-13)

Therefore from Equation B-13

1 1
but for steel, o =50 Oro =g Odesign°

Odesign =2.2 0, + 2p (B-14)
From Equation B-11 and B-14, ry can be found using the fact that Oy =0,°
o, .

r, = P (B-15)

2 o, .

design
—_— -1
2 p

By re-arranging Equations B-12 and B-15, the loading pressure p can be found:
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Gdesign 1
p = (B"16)
1,12 [1 + 1.1 m+ 1 }

m-1

From Equation B-16 it can be seen that for the limiting case of infinite wall

m+ 1 -~1), the minimum design stress is 188,000 psi for an
m-1

operating pressure of 80,000 psi.

thickness (m —co;

Odesign is taken as 200, 000 psi, from Equation B-16,

p = 80, 600 psi for m = 20
p = 81, 600 psi for m = 25
p = 82,400 psi for m = 36

It is seen that the capacity of the chamber is less affected as m increases. A
value of m = 25 gives sufficient thickness to split the outer shell in two shells for
more even distribution of stresses (this will be explained in more detail below).

The basic dimensions of the chamber shells are found to be as follows:

I. D. of inner shell = 4, 37 inches
O. D. of inner shell = 10, 62 inches
O. D. of outer shell = 22. 00 inches

TWO SHELLS VERSUS THREE SHELLS

From Equation B-7 the shrink fit pressure p can be found to be equal to
29,700 psi. The initial circumferential stress on the outer shell can now be

found from Equation B-8:

2 2

29,700 (11° + 5. 319)
% = 5 9
r = 5. 31 11° - 5. 31
= 47, 800 psi
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The circumferential stress due to the loading pressure, 80,000 psi, is

_2.187% x 80,000 11% |
% T2 7 T\t T2
r=531 11°-2.187 5. 31%)

= 17,780 psi

The final maximum circumferential stress at the hole will be

o = (17,780 + 47, 800) 2. 8
r =5 31

= 184, 000 psi

The initial radial stress at r = 5. 31 is equal to the shrink fit pressure

29,700 psi. The radial stress due to the loading pressure is

_ 2,187° x 80,000 (1 S

Tr-531 112 -2 1872 5. 312/

o

= 11,000 psi

Then the final radial stress is equal to 11, 000 + 29, 700 or 40,700 psi. Therefore,
the maximum shearing stress is

_ 184,000 + 40,700

o
S 2
max

= 112, 350 psi

This is higher than one half of the design stress, 200, 000 psi. Therefore, the outer
shell should be split into two shells, each with less shrink fit pressure yet giving
the same compressive stress to the innermost shell surface. As a result, the

stresses are distributed more evenly throughout.

DETERMINATION OF THE SIZES'OF THE THREE SHELLS

The thickness of the innermost shell has already been calculated. The central
shell is assumed to be 2 1/2 inches thick, and the outer shell is assumed to be

3. 19 inches thick, With these thicknesses, the radii of the three shells are

B-10



r, =2.187"

1
Ty = 5. 31"
rg = 7. 81"
r,= 11"

Let the inner, central, and outer shell be "A", "B", and '"C" shells respectively
as shown in Figure B-3, Again by using Lame's solution for thick wall cylinders,
the initial stresses on the different shells can be expressed in terms of the cor-

responding shrink-fit pressures on each shell.

The initial circumferential stresses on A and B cylinders due to the shrink

fit pressure pfl are:

-2p, x5, 31°
0, - 21 5 (B-16)
Ar=r, 531°-2.187
=-2.4p
f
-p; (5. 312 + 2.187%)
0" R 5 (B-17)
Ar=r, 5. 312 - 2. 187
- 1. 408 p,
1
o, . 312 1 7. 81%)
0, _ 1 _ . (B-18)
Br=r2 7.81° - 5. 31
=2.72 p
f
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2x5, 31Z

o’ =

XPp
f
1

6 2

2

Br=r 7.81° - 5,31

3

=1.72 p
b

After the assembly of A and B shells, the circumferential stresses on the

one unit shell A + B, and shell C due to the shrink-fit pressure Pgy are:

~2x7.81% p
f,
o _ 2
9A+Br:r1 7.81% - 2.187°
=-2.17Tp
f
-, x 7. 81°
, 2 2.187
UQ = 3 5 1+
A+Br=r, 7.81°-2.187 5. 31
=-1.27p
f
b, x(7.81% + 2.187%)
¢
g’ = 2
9A+Br=r3 7.81% - 2. 187°
=-1.17Tp
f
. (1.81% + 11%)
f
, 9
9 = 2 )
QCr:r3 11% - 7.81
=3.04p
f

B-12

(B-19)

(B-20)

(B-21)

(B-22)

(B-23)



2 pf x 1. 812
. B 2
% 2 D) (B-24)

Cr:r4 11" - 17,81

= 2. 033 p,
2

The initial radial stresses on the different surfaces of each shell are:

. 0 (B-25)
r =T
=5
2
~ pf. x .81 , 1372 :
o' =-|p, + 22 5 (1 - = 5 (B-26)
"rer, £ 7. 81% - 2.187 5. 31%/ |
=-1p, +.9p ]
\, 4 bl
o, = Py (B-217)
r = r3 2
0. =0 (B-28)
r = 1’4

The circumferential stresses due to the loading pressure, 80, 000 psi, on
A, B, and C shells are:

2 2

- _ 80,0002(11 . 2.2187 ) (B-29)
rer, 112 _ 2,187
= 86, 400 psi
80. 000 x 2. 187 112 |
0" === X 4. 5 (1 + 5 (B-30)
r=r, 11°-2.187° | 531

=17, 420 psi
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2 2

. 80,000 x 2.187% . 11
% =T > 1t 3
rer, 1172187 7817
= 9850 psi
., 80,000 x 2 x 2. 187>
% - ) D)
r=r 11% - 2,187
4
- 6600 psi

The radial stresses on each shell due to the loading pressure are

or" = 80, 000 psi
r = I‘l
{ s
. 80,000 x 2. 1872 |, 112
) ST 2 2 \1 T2
r=r, 117 -.2.187 5. 31
- 10, 900 psi
. 80, 000 x 2. 187° 112
O T2 R
r = r3 117 - 2. 187 7. 81
= 3240 psi
g " =0
Trer
4

Equating the sum of all the initial stresses on shell Aatr = Iy

stress gives:

2.8 (-2.4p, -2.17p, )= - 200,000 psi
1 2

B-14

(B-31)

(B-32)

(B-33)

(B-34)

(B-35)

(B-36)

to the design

(B-37)



Let the sum of the final stresses on B shell at r = r be equal to 150, 000 psi
so that if there is any pressure force from the blasting cap in the dump valve plug

transmitted to the wall, the resultant stress is still below the design stress.

150, 000 = K x circumferential stress + radial stress

(B-38)
=2.8(2.72p, -1.27Tp, + 17,420) + (10,900 +p, +.9p )
f f f f,
1 2 1 2
pf and pf can now be obtained from the simultaneous solution of Equations
1 2
B-37 and B-38:
pf = 15, 380 psi (B-39)
1
pf = 15,950 psi (B-40)
2

The initial circumferential stresses at the different surfaces are now found by

the use of Equations B-16 through B-24.

o =-24p, -2.17p, =-"T71,500 psi
6 f f
Ar=r 1 2
1
y =-1408p, -1.27p, = - 41,800 psi
6 f f
Ar=r, 1 2
2
o =2.7p, -1.27p, =21,600 psi
0 f f
Br=r 1 2
2
g =1.72p, -1.17p, = 6800 psi
6 f f
Br=r 1 2
3
o =3.04p, = 48,400 psi
6 f
Cr=r 2
3
) = 2,03 p, = 32,300 psi
6 f
Cr:r4 2
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Then the final total maximum shearing stresses (with the appropriate stress

concentration factor multiplied in) at the different surfaces are:

o = [(- 71, 500 + 86, 400) 2. 2 + 2 x 80, 000 |
Ar=r
1
o = [{- 41,800 + 17, 420) 2.2 + 10,900 + 15, 380 + 14, 400]—;- = - 6410 psi

Do =

= 96, 500 psi

o = [(21, 600 + 17, 420) 2. 8 + 10,900 + 15,380 + 14, 400] % = 75,000 psi

o = [(6800 + 9850) 2. 8 + 3240 + 15,900] -% = 32, 800 psi

o = [(48, 400 + 9850) 2. 8 + 3240 + 15,900] % =91, 120 psi

o = [(32, 300 + 6600) 2. 8] = = 54, 500 psi

DN} —

The initial stress as well as the total stress distribution along the radius of the

chamber is shown schematically in Figure B-5.

Determination of Built-in Shell Interferences

With the shrink fit pressures known, it is now possible to find the interference
between each pair of shells (Reference B-3). The elastic modulus E of Potomac
"A" varies from 30. 35 x 106 to 29 x 106 psi, Taking E as 30 x 106, the radial

interference between A and B shells is

s ___2x15380x5.31° (1.81° - 2.187%)
B 30 x10% 5,312 - 2. 187%) (1. 812 - 5. 312)
-, 01125"

The radial interference between "A" + "B'" and ""C'" shells is
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2 x 15,950 x 7. 81° (11° - 2. 187°
30 x 10° (7. 812 - 2. 1872)

)
(112 - 7. 81

b

A+B, C~ 2

)

=, 01745"

Cylindrical End Closure

The three shell cylindrical section: is closed at the two ends by means of a
threaded nut at each end as shown in the sketch of the arc chamber arrangement.
Since the upstream closure nut forms part of the outer electrode circuit a beryl-
lium-copper alloy (Brush-Beryllium Co. B-25, with ~ 25% of the conductivity of
copper) was chosen for its combination of strength and conductivity. Potomac

"A" was employed for the downstream nut.

Buttress threads are used on both nuts for the high load in one direction and
its smaller tendancy to gall. In choosing the diameter of 6" both the initial stress
due to shrink fit as well as working area in the chamber were considered. A large

pitch of . 4" per thread was chosen for easy assembly.
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VARIATION OF EQUILIBRIUM GAS PROPERTIES DURING BLOWDOWN —

EFFECTS OF ENERGY LOSS BY RADIATION

Consider a chamber of volume V and area Ac from which a gas exhausts
through a throat of area At" Assume the region in which the gases have any
appreciable velocity has negligible volume compared to the chamber volume.

Then, if properties are uniform throughout the volume, the energy and continuity

equations are:

0 , ut2
" Q=57 (e V) + puA by + —2“) (C-1)
V)
5t - TP (C-2)
where
p = density
h = enthalpy
e = internal energy
u = velocity
Qr = net heat transfer rate to wall

subscript t = throat conditions

subscript ¢ = chamber conditions

Assuming the nozzle is short compared to the chamber dimensions there
will be negligible radiation in the nozzle and, in addition, the flow between the
chamber and nozzle can be considered quaisi-steady. Furthermore, if the gas

is in equilibrium; the flow in the nozzle can be considered isentropic and we

have

Yt(t)
2

h () = h(t) +

S, (t) = St(t) (C-4)
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where S is the entropy and a is the speed of sound.

The expression for the net radiative heat transfer, Qr, simplifies for the
case of a gas at high density and temperature radiating to a black walled container
of area Ac at low temperature (relative to the gas temperature) to the Stefan-

Boltzman law*
Q =0T (t) A (C-6)

Since the density in the arc chamber will usually be high when the gas tem-
perature is high and the wall temperature will be much less than the gas temper-
ature when the radiation is important,  Equation (C-6) is a good representation of
the actual radiative heat transfer to a perfectly absorbing wall (conservative for

wall heating).

Equations (C-1)-(C-6) may be re-arranged to give the governing equations

dp'C

o PR (C-1)

ds’ TC'3 T

at o P, T_c (C-8)
0% 2

h /(1) = b (1) + 522" (1) (C-9)

*The Stephan-Boltzman law implies the Plank energy spectrum which is
continuous in frequency. A gas at low pressure clearly radiates a line spec-
trum, the radiation being solely due to electron transitions within "independent"
atoms. As the density increases, the line spectrum begins to broaden as a
result of interaction between atoms and molecules which give rise to radiation
in addition to that caused by the electron transitions. Athigh densities the gas
begins to act more like a solid in which the molecules are very closely spaced
and for which a continuous spectrum of frequencies are radiated.
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1 — ?
5,'(7) = 8.(7)
where
P =p/p Tos s
o} ’ t A a
t o
a' = a/aO , T, = —Y"&L@
A T
c o
S' = S/R 9 .
T T=——
T = T/T0 , T,
h' = h/RT_ ,

(C-10)

and subscript o refers to convenient low temperature reference conditions where

P =p RT andaZ:yRT.
o "0 o© 0 0O o

Equations (C-T)-(C-10) together with the thermal and calorie equations of

state (tables and graphs in the general case) determine the solution for tempera-

ture, pressure, density, etc., in the arc chamber. Only in the case of a perfect

gas with no radiation (TC -0, Sc = constant) can the equations be integrated anal-

ytically. For this special case we get the well-known results

1-vy

P (0) = )p (o)

vy -1
T (t) ) )
T (0) ~)p (o)

C-3

(C-11)

(C-12)

(C-13)



The time variation of air properties for typical initial conditions where

radiation can be neglected (Tci(O) = 4OOOOK, Pc(o) = 20, 000 psia, V = 60 in. 3

b

At = 0. 196 in. 2-——dump port) are presented in Figures C-1to C-3. The equi-

librium solution, based on a numerical integration of Equations (C-7)-(C-10)

(C-2)

H

in conjunction with the Mollier Diagram(c_l'l) for air and the NBS air tables
is compared to the perfect gas solutions (Equations (C-11)-(C-13) for y = 1, 2
and ¥ = 1. 4. The equilibrium variation of temperature, pressure, and density
is bounded by the perfect gas v = 1. 2 and y = 1. 4 variations. The time required
to empty all of the gas through the dump port is about 100 milliseconds under

these conditions.

It may be remarked that the blowdown time, t , (t=t when P ~ one
max max
atmosphere) is fairly insensitive to y and therefore may be estimated by the in-

version of Equations (C-11) and (C-12):

“y+l y-1
t 20y - 1)[P (o)) 5 }
max 1 2 2 c ) ~
V/AJRT (o) 1/ 9677 P 1 (C-14)

Equation (C-14) is plotted in Figure C-4. The blowdown time is seen to decrease
inversely with the square root of the initial temperature and increase nearly

linearly with the logarithm of the initial pressure (in atmospheres).

To investigate the effect of radiation, Equations (C-7)-(C-10) were integrated
numerically for an initial temperature of 10, 000°K and an initial density of 8 lbs/ ft3,
where the air was now assumed to exit through the tunnel throat (At =, 008 in. 2)0
The chamber volume was 60 in. 3 and the chamber inside area was 116 in.

Solutions for the pressure, density, and temperature variations are presented
in Figures C-5 to C-7. The equilibrium solutions are again bounded by the per-
fect gas solutions for ¥ = 1. 2and y = 1. 4. Both solutions required a numerical
integration. The equilibrium solution was effected by assuming a gas with con-

stant Cp and CV and a constant compressibility factor over a small change in gas
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properties. The specific heat and compressibility were changed in accordance
with the equilibrium values at the beginning of each new step in the numerical

integration,

The effect of radiative energy loss on the variation of the gas properties is
presented in Figure C-8 where the temperature and pressure variations with
radiation are compared to those which would have been obtained by neglecting the
radiation (perfect gas, v = 1. 2 in both cases). It is apparent that the radiation
has an appreciable effect on the variation of arc chamber temperature with time,

as expected.

HEAT TRANSFER TO THE ARC CHAMBER LINER

The following analysis is concerned with estimating the heating of the arc
chamber liner due to conduction and radiation. The gas was considered to have
negligible velocity along the walls of the container and therefore convection was

not considered.

Conduction Problem

The model used to estimate the order of magnitude of the liner heating due

to conduction is indicated below. The gas is assumed to act

Liner Gas

ix =0 X =a =X
T(0,x) = N T(0,x) = TG
TM

like an infinitely long solid with the proper density and thermal conductivity.

Insulation

LSS

No induced gas motion is accounted for and the gas temperature is not allowed
to drop due to the tunnel blowing down. Initially the gas is at a high temperature

and the liner at low temperature. The problem is to determine the interface
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temperature, T(a,t) for t >0. The mathematical formulation of the problem

is as follows:
2

0T o T
F{“=Km——§', (O< x < a; t>0) (C—15)
0xX
0T 0 2T
W=KG "'—"2-9 (X> a, t> 0) (C—].G)
0X
T(X,O) = Tms (X < a)
T(x,0) = TG9 (x> a)
9T (6,1)= 0: lim T(x,t) = T (t> o) (C-17)
ax 9 b b G’
K00
T(a-o0,t) = T(a+o,t), (t> o)
2T 0T
km—g-}—{(a-o, t)= kG,é;-(am, t), (t> o)

where
K= pEE = thermal diffusity

k = thermal conductivity

p = density

C

specific heat
subscript m pertains to liner

subscript G pertains to gas

The solution for the interface temperature T(a,t) is found by use of the
Laplace Transform to be

+1 {C-18)

Te

T 2

T(a,t) 1 _Jn}\(Tc
G

) ey

n=1
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where K /Ii—
1 .G |/ m

N km‘\‘ KG
Lo [Bn
Kk Kg

A typical temperature rise predicted by Equation (C-18) for the gas and

copper materials indicated below was T(% in., 1 sec) = 570°K.

Copper (Berylco 50 alloy) Gas (Air)

T =280°K T . = 10, 000°K

m G

3 3

pm—8a75 gm/cm pG—&Olbs/ft
c_=o01-3_ C.. =0.75— 3L

m  gm-"C VG_ "% gm-0C

_ cal _ -3 cal

K = 0- 9% ciTsecoC kg =4 4Tx10 -~ csecoC

The model used here is quite conservative (except for neglect of free and forced
convection) and shows that the order of magnitude of the temperature rise due
solely to conduction is a few hundred degrees. The solution to the radiation
problem below shows that the wall temperature rise due to radiation is of the

order of fifteen hundred degrees Kelvin.

Radiation Problem

The cylindrical model used to determine the liner heating due to radiation
is indicated below. Radiation from the gas was assumed to be completely absorbed
by the wall and wall re-radiation was neglected (a good approximation for a gas

at high density, and high temperature-relative to the wall temperature).

Gas , Liner, Insulation
r L -
4
| R _/
1 f
F(t) 4
Ry — R
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For a liner insulated at the outer boundary with an arbitrary heat transfer

rate, F(t), at the inner boundary, the boundary value problem can be written:

2 \
0T 0T 10T
o1 _ 102
TR B R ey (C-19)
or =
oT _F(t) \
—a;(Rl, t)—-‘_k ,t>0
aT _ ) (C-20)
o7 (RZ’ t)=0, t>o0
T(r,o)=To,R1<_r‘§R,2 )

The solution to this problem can be found, after considerable manipulation,

by using Laplace Transform techniques(c-3) to find the solution for the case

when F(t) = k and then applying the Duhamel formula(c“l)

for the general case.
The solution is

Kx 27
. t 0 - nz
T(r,t)—T:-}—{R—deF(t-'r)EAxe 1 (C-21)
1 0 n=1
where
r| r
J]. (Xn) N Xn R—l - Nl (Xn) JO (Xn R—l)
A = 5 (C-22)
J,7(x)
{- 1 r
J 2 :—I-{—z—x
1 R1 n
and the xn's are the positive roots of the characteristic equation
RZ RZ
Jl(x) N, —ﬁl—x - Jy ﬁIx Nl(x) =0 (C-23)
. . th . . th
Jn(x) is Bessels function of n~ order and Nh..(x) is the Neumann function of n
( )

order
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It is of interest to simplify this solution for the range of interest in the case
of the arc chamber, vis., small times. Consider the temperature at the inside

wall, T(Rl’ t). The temperature solution becomes

Kx 7
' n
t 0 Rl2
2K - e
T(Rl,t)-To—l—{—ﬁl-JdT F-m) ) ) (C-24)
0 =1 -———R—“—-J
J2 —Ex _!
1 R1 n

The convergence of the series in Equation (C-24) is very slow for small
values of K7/ Rl2 so that many terms are required to get an accurate answer.
It behooves one, therefore, to investigate the asympotic values of X and the

function of J 1 in the brackets. For large n,

X =R , n - (C-25)
2.
Ry
2
e 1—Rz 1 n -
S1=22.1, .
s Ry
1 R1 n

An example of how rapidly these asympotic values are approached is shown be-
low for Rz/ R1 = 6, 5. It is apparent that the convergence to the asympotic expres-
sions is quite rapid. As long as a large number of terms are required to evalu-
ate the series (small time) it becomes accurate to write the temperature in

terms of the expansions listed below for large n. Thus,

t
2
2K K7T KT mn
ST ~_ A i} _96
TR, - Ty~ m i) deF(t ) § exp|- T |  (C-26)
2 1 5 Rl)



l: le (Xn) i
n Xn 5 - 1!
J1 (6.5x )
Exact Asympotic Exact Asympotic

1 . 6275 . 51 115 . 182
2 1.177 1.142 . 136 . 182
3 1.743 1.713 . 163 . 182
4 2. 305 2. 285 . 170 . 182
5 2. 8750 2. 855 . 1725 . 182

Furthermore, the sum of the above series, S, is given by the inequality,

[<S<C1+1 C-27)

where

X 2 R, - R,)
J exp{ K’ 7x 2]dx=——2—:_—_—l (C-28)
5 Rl) WEKTT

For small time I >> 1 and S=I so that the temperature formula (C-26) becomes

t
1 K[ Ft-n1)
T(Rl,t) - TOM k—\/.TTJ —\/".—7__-—'— d7 (C-29)
(0]

This is identical to the exact solution to the radiation problem for an infinite
one-dimensional slab. The situation in which a cylinder ''looks like'" a slab
is clearly when the radius of the cylinder is large compared to its thickness.
Also, a finite slab behaves like an infinite slab for small times since the heat
received at one face does not penetrate very deeply. For small times then
the above limiting solution, Equation (C-29), is to be expected. The require-

ment for this limiting solution to be accurate, in view of the two approximations
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made, is
— 5 (C-30)

For the parameters of interest the one-dimensional semi-infinite slab
solution, Equation (C-29), is a very accurate approximation for the cylinder
solution. For x > o the slab solution is given by the equation

t x2

_ l ;IE F(t - T) B 74—K—T
T(x,t) - TO = k\/ﬂ J ——————\/? e
0}

dr (C-31)
A graph of the copper liner temperature variation (Equations (C-29 and
(C-3) at the inside and outside walls and at an interior point, as a result of
radiation heating from a gas initially at 10, OOOOK and 8 lbs/ ft3, is given in
Figure C-9. As pointed out previously the radiative heat transfer rate was
assumed to be F(t) = o Tgas4(t). The gas temperature distribution was taken
from Figure C-5. It can be seen that the liner wall temperature goes through
a maximum of about 1500°K very rapidly and then decays. This "heat pulse"
from the gas (the radiation decreases very rapidly due to the rapid decay of
gas temperature, Figure C-5) "travels" through the liner, decaying in ampli-
tude and broadening in width, There is very little temperature rise at the
outer wall and the liner is effective in absorbing the heating and protecting the
arc chamber. Since the melting point of pure copper is 13560K, there may be

a small amount of copper lost from the inside walls of the liner.

In view of the large amount of energy lost by radiation (see Figure C-8,
for example) it becomes important to consider the dynamics of the energy
input from the arc and therein account for radiative energy losses. It may very
possibly be that maximum gas temperatures of 10, 000°K cannot be predicted

when radiation is accounted for.
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HEAT TRANSFER TO DUMP PORT INSERT

The following analysis is concerned with estimating the heating of the
dump port insert due to forced convection while gas is escaping through it.

The insert was considered to be a hollow cylinder of length as shown below.

Gas _|

This insert is imbedded in the thick steel walls of the arc chamber and is

effectively insulated at some distant radius, ‘re*o

The heat transfer to the inside wall of the insert is taken to be the aver-

age heat transfer over a flat plate of length ¢ and is given by the expression(C_G)
q,=E[TgM) - T (1)] (C-32)
where
0. 664 (k) u f
E - A P 1/3\/(—(})— (C-33)
w "G'w

and E = heat transfer coefficient

qW = average heat transfer rate over the length ¢

TGr = gas temperature in the mainstream

*As it turns out, the times involved are so short that there is no appreci-
able temperature rise at ry and therefore the insert can be considered to be
insulated very close tor = Ty
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TW = wall temperature

kGr = thermal conductivity of the gas
Pr = Prandtl Number

UG = gas velocity in the mainstream
e kinematic viscosity of the gas

subscript w pertains to conditions at the wall

In the solution of the conduction problem to determine the insert tempera-
ture, the heat transfer coefficient, E, will be assumed constant. According
to Equation (C-31) this assumption is conservative for wall heating since E
varies approximately as TGI/ 4 PGI/ 2 and therefore decreases with time.
It should also be pointed out that E could be considerably higher if the boundary
layer is turbulent over most of the length {. Thus, while the solutions to be
given below will indicate the relative effectiveness of the insert in protecting
the arc chamber walls, the actual temperatures computed should be considered

only as order of magnitude estimates of the temperatures which may exist.

The solution for the insert temperatures may be written with the aid of the

Duhamel formula as

t
T(r,t) - T, 5 Tt - 7)
where c
8z, 1) = TTCff(;)t)_ 'T:O (c-35)

T° (r,t) is the solution for the case when TG(t) = TG(o) and To is the initial

insert temperature (room temperature).

Advantage may again be taken of the small times involved and ¢(r,t) may
be taken as the solution, ¢(x,t), for the case of a semi-infinite one-dimensional

slab subject to the heat transfer given by Equation (C-32) at the boundary
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x = 0 and insulated at x = w. Proof that ¢(r,t) = ¢(x, t) for the conditions of
interest will be shown below when the cylinder and slab solutions are com-

pared in a typical example.

Proceeding to the solution for ¢(x,t) we have the following boundary value

problem:
2
L K—a—fb, x>0, t>o
ot 42
0X
#(x,0) = o, X>0
(C-36)
2 ¢(o,t) _ E
x =- % [TG(o)—TO][l - ¢(o,t)], t>o
lim ¢(x,t) = o, t>o
X=00
The solution to this problem is
ax 2 \
X X
o(x,t) = erfc —-:)— exp |—=+ a t|| erfc + ot (C-37)
) = el {p(«ﬁ ﬂ vl
where .
, - EK
Tk

Equations (C-33), (C-34), and (C-37) (with ¢(x, t) substituted for ¢(r,t))
together with the gas temperature variation determine the desired insert

temperatures.

The computational procedures for determining the desired temperatures
can be further facilitated by taking additional advantage of the small times
involved and by expressing the gas temperature analytically for the case of a
perfect gas. (The true insert temperatures will be bounded by the perfect
gas solutions for y = 1.2 and v = 1. 4.) From above, the gas temperature can

be written
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= C-38
Tslo) [1+ Bt]z (C-38)
where
_y+1
by MY
2 2
B V/Atac(o) (C-39)
Thus,
T(x,t) - T, t o(x, T)dT
T =9(x,t) - 2B - (C-40
Tglo) - T i l [(1+ Bt) - Bg'r]3 )

First consider the case for x = o, i.e., the inside wall temperature. By
expanding the exponential and error function in Equation (C-37) for small
values of @/t and retaining only first order terms, Equation (C-40 becomes
integrable. The result is

T(o,t) - T, 1/2 J 2

ot 1 24°,.1/2

TGO - T V7 et Temt Bl Tl
l"’j[(3+Bt)t1/2 33 (1+ B)]Y- {4 C-41
2 -9y 1+ Bt (C-41)
QZ%—LZIn(1+Bt)J

B

where

] 1 In [(1 + Bt) + vBt(1 + Bt)J (C-42)

1~ 2BI:By  |(1+Bt) - vBUl+ BY

For x + 0, #(x,t) cannot be put in power series form since there is no

expansion for exp (xz/ 4kt) for small time. However it is useful to expand the
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error function for small time (large argument) and there results

_ 4Ka t3/2

) — <2 s X:LO (C-43)
X m Z_KE[ ZaJ—Kt:l
e 1+

In summary, the insert temperature for x = o is given by Equations {(C-41)
and (C-42), and for x > o by Equations (C-40) and (C-43). For x> o a numer-

ical integration cannot be avoided. *

Evidence of both the applicability of the slab solution and the further small
time approximations is shown in Figure C-10 where the inner wall temperature
solution given by Equation (C-40) is compared with the exact (computer) solution
for a cylinder.(C-’Y) The cylinder solution presents ¢(r,t) graphically so that a
numerical integration using Equation ( C-34) was necessary. Aside from the
scatter introduced by this numerical integration, there appears to be nearly
perfect agreement between the cylinder and slab solutions. The initial gas con-
ditions and geometry for this solution were those corresponding to the solutions
in Figures C-1 to C-3. The insert material was a low carbon steel

BTU BTU

BTU

and the heat transfer coefficient was E = 0. 695 72 500 OR" The value of E was
. . BTU . .
arbitrarily reduced from 0. 985 2 secOR which is computed from Equation

(C-33) so that the parameters involved would coincide with the cylinder solu-

tions of Reference C-T1.

Both the inner and outer wall temperatures are shown for AISI Type 304

. ) BTU ) BTU, . ...
stainless steel (k = . 00261 i secOR’ PC = 59. 3 EIO—R) in Figure C-11. The

*Of course, these solutions are restricted to small times which, in physical
terms, means that the thickness over which heating occurs is small compared
to the radius of the insert.
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initial gas conditions and chamber geometry were the same as in Figure C-1Q.
These calculations were based on Equations (C-40), (C-41), and (C-43) (slab
solution, E given by Equation (C-33)). The equilibrium gas case is bounded

by the ¥ = 1. 2 and ¥ = 1. 4 perfect gas cases. It can be seen that the insert is
very effective in protecting the arc chamber walls. In view of the negligible rise
in temperature at the outer wall of the insert it appears feasible to use a better
conductor for the higher initial gas temperatures in order to prevent melting

of the insert. Other materials and initial gas conditions should be checked.
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INTRODUCTION

The very low flow densities achieved in Hotshot tunnels result in serious prob-
lems in flow visualization. For example, conventional optical systems (i. e., those
sensitive to light ray deflections greater than about 2 seconds of arc) become inef-
fective, even for the strongest shock waves, as the flow Mach number approaches
20. Thus, visual study of bow shocks, separated flows, wakes, etc., are precluded
in the very flow regime which justifies the Hotshot tunnel. In addition, a sensitive
flow visualization technique is required for direct flow velocity measurements by

means of a spark-created flow disturbance, e.g., Reference D-1.

In order to provide the Hotshot tunnel with an effective flow visualization tool,
a high sensitivity schlieren system was designed and procurred. Following Refer-
ence D-2; the system was designed for a sensitivity of 1 microradian (approxi-
mately 0. 2 seconds of arc). Conversations with schlieren system fabricators
confirmed that, although this was an extreme requirement in terms of current
manufacturing practices, it was nevertheless a feasible requirement. Since most
of the auxiliary equipment was already on hand (light source, knife-edge, mounting

piers), it was necessary tc procure only the optics and the mounting cells.

In procurring the system, a deviation from standard practice was used. Instead
of specifying the quality of each optical component, a performance-type specification
was prepared. This specification required that the manufacturer fabricate each
component of the system such that the assembled system would possess the one
microradian sensitivity, As part of the contract, the manufacturer was to assemble
and test the complete optical system in his shop. A demonstration of the one micro-

radian sensitivity was required befcre the system was accepted for delivery.

SYSTEM DESIGN

Introduction

In the design of the system, only the geomeiry necessary to obtain a one micro-
radian sensitivity was considered. Problems involving the quality of the optical

components; correcticns for off-axis aberrations, etc., were handled by the use
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of a performance-type specification which left the solution of these problems to
the supplier of the system. The geometric design itself was based on the material
presented in References D-2 and D-3. A system aperture of 12 inches was selected

to be compatible with the window ports in the test section.

System Descriptions and Design Equations

Figure D-1 shows sketches of the three types of schlieren systems consid-
ered: i.e., single-pass parallel (Toepler), double-pass parallel, and double-pass
non-parallel. The double-pass systems possess an advantage, over the single-
pass, of being basically twice as sensitive because the light rays pass twice through
the optical disturbance in the test section. The double pass does not significantly
degrade the image quality as long as the light deflections (by the disturbance) are

small and the mirror is kept close to the test section.

In the sketches of double-pass systems in Figure D-1, the beam splitters per-
mit the incident and reflected beams to be coincident. However, the use of a beam
splitter results in a 75% loss in light intensity, This loss may prove unacceptable
in high sensitivity systems which, typically, have large focal lengths. As an alter-
nate method, the incident and reflected beams can be separated by a small, beveled
folding mirror placed just ahead of the knife edge, if a small angle of non-coinci-
dence can be tolerated. Additional information on non-parallel and double-pass

systems may be found in Section II-(j)-(5), pages 21 and 22, Reference D-2.

In the absence of the knife edge, the illumination of the image plane is given

by (Equation 13, Reference D-2)

I = (D-1)

where IO = illumination in candles per square meter (= meter-candles)
B = source brightness in candles/ (:m2 (= stilb)
b = source width in cm.
h = source height in cm.,

m = magnification of the image on the image plane
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and fl = focal length of the first mirror in a single pass system, in meters
= fp, the focal length of the parabolic mirror in a double-pass parallel
system
= R, the radius of curvature of the spherical mirror in a double-pass,

non-parallel system.

The height of the source image, at the knife edge, is (fz/ fl)h where
f2 = focal length of the second mirror in a single pass system, in meters,
= fp or R in double pass systems.
Therefore, if the knife edge is used to cut off all of the source image except a

height h', then the illumination of the image plane becomes

p-_Doh (D-2)
msz
12

where I = illumination in meter-candles
and  h' = height of the source image not cut off by the knife edge, in cm.
Equation D-2 can be used directly to check the adequacy of the light source once

the various system parameters have been selected.

If the disturbance, in the test section, produces an angular deflection of € in
the rays of the light beam, then the change in illumination at the corresponding
point on the image plane is (Equation 15, Reference D-2)

AI_an,e
T2

mf1

(D-3)

where ¢ = angular light ray deflection (measured in the plane perpendicular to
the knife edge) occurring in one pass through the test section disturb-
ance, in radians
and n = number of times the light ray passes through the disturbance
= 1, for the single-pass system

= 2, for the double-pass systems.
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Now the relative illumination change caused by the disturbance ¢ is

nf
Al 2
C=T -7 ¢ (D-4)
or solving for € gives
4
€= %l— (D-5)
2

Equation D-4 is the principal geometric design equation relating the geometric

parameters (n, h', fz) with the performance parameters (C, ¢).
The Design

Equation D-5 shows the advantage of the double-pass systems. Compared to
an otherwise similar single-pass system, the double-pass system will be able to
detect one-half the angular disturbance and, hence, is said to have twice the sensi-
tivity. This advantage was the principal reason for selecting a double-pass system
in the present case. (An additional factor in the selection was that the layout of
the schlieren pads would have made a long focal length, single-pass system

awkward and impractical. )

In designing the system, high sensitivity was taken as the principal considera-
tion. Specifically, a sensitivity of at least one microradian was desired. How-
ever, it was also felt that a high image quality, consistent with the sensitivity
requirement, should be obtained. Therefore, in order to avoid image degrada-

tion due to a non-parallel system, the double-pass parallel system was selected.

To determine the minimum design focal length of the system, it was necessary
to estimate the minimum acceptable values for C and h'. Following the criteria
of Reference D-3, which agreed in this respect with a standard schlieren system
specification used by the von Karman Facility, Aro, Inc., a minimum value of
0.1 for C was selected. For h', a value of 0. 1 mm (= 0. 004 inches) was selected.

This value is conservative; values for h' as low as 0. 001 inches can be used.



Using the above values for C and h', Equation D-4 can be used to determine

the focal length required to obtain a sensitivity to an € of 1 x 10-6 radians; i. e.,

Ch' _ (0.1) (0. 1)
6 (25.4)

f =
P D& 9y(1x10

= 196, 7 inches = 16, 4 ft,

Figure D-2 shows the floor layout in the Hypersonic tunnel area. The
schlieren pad on the east side of the tunnel made it impractical to consider a
long focal length, single-pass system: such a system would have required an
awkward folded arrangement. In laying out the system, three conditions were

imposed.

(1) The schlieren system was to be located on the schlieren pads.

(2) The existing light source and mirror piers were to be used. The size
of these piers determined how close to the edge of the pads the optical
componernts could be placed. The resulting effective optical boundaries
of the pads are shown in Figure D-2,

(3) The system was tc be usable at any tunnel station from the center of the

test section upstream to as close to the arc chamber face as possible.

Figure D-2 shows that, because of the effective pad boundaries, the greatest
east-west optical path on the west pad is 14 feet. Since this is less than the mini-
mum required focal length of the system (16. 4 feet), it was necessary to fold the
optical path on the west pad. Because of this basic necessity to fold the system,
it became possible to increase the focal length of the system without making any
change in the basic arrangement of the system. Therefore, the focal length was
increased to 20 feet. This resulted in a theoretical geometric sensitivity of about

0. 8 microradians.

Figure D-3 shows the final arrangement of the system. The maximum path,
before folding, was used to minimize the off-axis angle. Since the lack of light

intensity will be a serious consideration, a small non-coincidence of incident and



reflected beams was permitted so that a small transfer mirror could be used
just ahead of the knife edge. (As finally procured, a beam splitter was also

included for use in those cases where sufficient light was available and maxi-
mum picture quality was desired. ) Finally, an aspherical corrector lens was

included to correct the image for aberrations due to the off-axis arrangement.

Light Source Adequacy

The light source adequacy was determined by comparing the exposure
(illumination times exposure time) available from a given light-source/
photographic-system combination with the exposure required by standard
films. The available exposure was calculated by the following relation,
which is based on Equation D-2.

Bbh' t

m2f2

E=1= (B-6)

Three light sources were considered: (1) the BH-6 mercury arc lamp
(General Electric); (2) the PEK-109 mercury arc lamp (PEK Labs., Sunnyvale,
California); and (3) a conventional spark source. These sources were evaluated
in conjunction with Fastax motion picture photography and 4 x 5-inch, single
frame photography. The Fastax image is about 10 mm in length giving a mag-
nification of 3.3 x 10_3 for the 12-inch aperture schlieren system. The magni-

fication for the 4 x 5-inch image is 0. 24.

The source image height, h', at the knife edge was taken as 0.1 mm for all
cases. The source width was dependent on the source: (1) although the BH-6
arc is about 25 mm long, a 1 mm source width was assumed,; {2) the PEK-109
has an arc size of 0. 012 x 0. 012 inches yielding a maximum source width of

about 0. 3 mm; (3) the spark source width was assumed to be 1 mm.

Exposure time is dependent on the type of photography used. For the Fastax
photography, the minimum exposure time was taken to be about 1 x 10-4 seconds;

corresponding to a framing rate of about 7000 frames per second. For single
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frame photography, two modes were considered; shutter controlled exposure at
1x 10-3 second and spark or flash photography. Existing equipment, allows the
BH-6 tube to be flashed with a duration of about 5 x 10”0 seconds. The spark

duration was taken as 0.1 x 10-’6 seconds.

Values of source brightness were obtained as follows: (1) the BH-6 value of
30, 000 stilb from Reference D-2; (2} the PEK-109 value of 140, 000 stilb from
the PEK brochure: and (3} the spark brightness of about 1 x 10-8 stilb from

Reference D-3.

The results of the exposure calculations are presented in Table D-1. Table
IV from Reference D-2 shows that an exposure of 1 x 10-3 meter-candle-seconds
corresponds to an ASA rating of 400. Since standard film is available in this
speed range, all photographic modes considered are possible except for the BH-6
flash, Even this may be possible by using ultra-fast film (e. g., Polaroid 3000)

reducing the image size, and increasing the source width.

INITIAL EVALUATION

The schlieren system was fabricated by Tinsley Laboratories, Berkeley,
California. As part of the contract, they performed a demonstration test of the
system in their shop, This test served to demonstrate the sensitivity and quality

of the system.

Because of the sensitivity of the system, room air disturbances made short
exposure pictures and direct viewing relatively useless. To eliminate the room
air disturbances, long time exposure pictures {30 to 60 seconds in length) were
made. The long exposures served to "integrate' the disturbances and permit a

relatively clear field in the picture.

In order to satisfy the one microradian disturbance requirements, it would
have been necessary to use a glass wedge (index of refraction of about 1. 5) with
an angle of about 0. 4 seconds of arc. Tinsley was not able to produce a 0. 4

second wedge of sufficient quality to be useful. Therefore, an indirect
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TABLE D-1

Exposures Obtainable with Various
Light-Source/Photography-System Combinations

fp::ZOft(=6,1m);h'=O.1mm

Fastax Photography: m = 3. 3 x 1072

Assumed
Source Exposure
Source Brightness, B Width, b Time, t Exposure, E

Stilb* mm sec meter-candle-
, sec*x*
' 1 ! 3
BH-6 3.0 x 10 1.0 1x10°% 9244x10
PEK-109 1.4 x 10° 0.3 1x10"% 341x10°°

Single Frame Photography: m = 0, 24

Assumed
Source Exposure
Source Mode Brightness, B Width, b Time, t Exposure, E

Stilb mm sec meter-candle-
secC
4 -3 -3
BH-6 Shutter 3.0x 10 1.0 1x10 3.37Tx 10
BH-6 Flash 3.0x 10 1.0 5x 10'6 1. 68 x 107°
PEK-109 Shutter 1.4 x 10° 0.3 1x107° 470x10"°
Spark e Lox10® 1.0 1x10" 1.12x10°°

* 1 Stilb = 1 candle/ sz

* %k 1 meter_candle_sec =1 candle-second

(meter)
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demonstration, using a 2 second opt.ca. wedge, was made. With the system
adjusted to maximum sensitivity and the 2 second wedge in the field of view,
a series of time exposures were taken on glass photographic plates. Expo-

sures ranged from 30 to 60 seconds.

The developed plates were analyzed using a microdensitometer to provide
quantitative measurements of the image density on the plates. A reproduction
of a typical plate is shown in Figure D-4a and the corresponding density data are
shown in Figure D-5a. By comparing the average image density for the several
plates, it was possible to determine the slope of the log density to log exposure
curve for the plates. This slope then was used to convert the image density
data into relative exposure data. Since, for any given plate, all points were
exposed the same length of time, the relative exposure is directly proportional
to the relative image illumination. Illumination data, corresponding to the den-

sity data of Figure D-5a, are shown in Figure D-5b.

The illumination data for the general field were compared to those for the
optical wedge. This yielded information on the change in image illumination due
to the 2 second optical wedge. Averaging the results from all plates, showed
that the wedge produced an illumination change of about 55%. This corresponds
to about 11% for a 0. 4 second wedge; this was taken as a demonstration that the

system met the one microradian sensitivity specification.

The above tests were done without the windows in the optical path. A later
check was made of the image quality with the windows included. A reproduction
of a plate made in this test is shown in Figure D-4b. Note that a different wedge
was included in this picture. This picture illustrates the reduction in image

quality introduced by the windows.

D-9



D-1

D-2

D-3

REFERENCES

Merrit, G. E., "Velocity Measurements in the University of
Southampton Hypersonic Gun Tunnel, " Univ. of Southampton
AASU Report No. 172, Apr. 1961.

Holder, D.W., and North, R.J., "Optical Methods for Examin-
ing the Flow in High-Speed Wind Tunnel, Part I, Schlieren
Methods, " AGARDograph 23, Nov. 1956.

Thomas, G. M., "A Schlieren System for the Stanford Spark-
Heated Hypersonic Wind Tunnel and Studies of Blast Wave
Propagation, " Stanford University Aeronautical Engineer
Thesis, June 1961,

D-10



APPENDIX E

SPARK VELOCITY MEASUREMENTS

by
E. Oktay and K, R. Sivier






INTRODUCTION

The velocity of the flow in a hypervelocity wind tunnel can be measured by
means of a spark-generated disturbance; e. g., References E-1, E-2, and E-4.
With this method, a shock wave is generated by a high energy spark formed
between two electrodes placed in the flow. The shock wave travels outward
from the original spark column and, at the same time, is transported down-
stream with the velocity of the flow. At some known time interval after the
spark discharge, a schlieren picture is taken of the shock wave. By measur-
ing the distance the center of the shock wave has traveled from the electrodes

and knowing the time interval, the flow velocity can be determined.

The apparatus, necessary to make such flow velocity measurements, has
been assembled and preliminary tests of its operation have been made. The
following discussion describes the design and operation of the apparatus and

summarizes the results of the preliminary tests.

APPARATUS

The apparatus consists of the following components: trigger unit, double
stage time delay unit, disturbance spark system, initiating spark source for
the BH-6 mercury lamp used as the schlieren light source, schlieren light
source, phototube, and oscilloscope. The block diagram for the apparatus
is shown in Figure E-1, and details of individual components in the system are

shown in Figures E-2 through E-T.

Upon the triggering of the double stage time delay unit, the delayed pulse
No. 1 initiates the disturbance spark and, approximately one hundred micro-
seconds later, the delayed pulse No. 2 fires the schlieren light source. An
inductive pickup detects the initiation of the disturbance spark and triggers
the oscilloscope. The phototube detects the firing of the light source and its
output is recorded on the oscilloscope to determine the time interval between

the generation of the shock wave and schlieren picture.
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For the experiments with flow (tunnel operation), the double stage time
delay unit is triggered by the output of an inductive pickup, excited by the col-
lapse of the field of the tunnel's energy supply coil. For the present static
experiments, the inductive pickup is replaced by the trigger unit shown in

Figure E-3.

Delayed pulses No. 1 and No. 2 are put out by the transformers in the
plate circuits of tubes 2 and 4 of the double stage time delay unit shown in
Figure E-2. This unit is designed such that the time delay between the input
from the trigger unit and the delayed pulse No. 1 is adjustable from 5 to 50
milliseconds, and the time delay between the delayed pulse No. 1 and the de-
layed pulse No. 2 is adjustable from 10 to 800 microseconds. The time delay
of both pulses is changed to the desired value by changing the rise time of

voltage to the firing level on the grids of tubes 2 and 4.

The disturbance wave is created by discharging a 0. 3 ufd/8KV (9. 6 joules)
capacitor at the electrode tips in the tunnel test section. A 5C22 thyratron
functions as a switch in the discharge circuit shown in Figure E-4. In order
to eliminate excessive external inductance, RG 8/U coaxial cable is used be-

tween the capacitor and the electrodes.

For the static tests reported here, a BH-6 mercury lamp was used as
the schlieren light source. The BH-6 lamp was flashed by discharging a
2 ufd/3KV (9 joules) capacitor through it. In this circuit, Figure E-5, a
system of three probes was used as the switching element. The time dura-

tion of the BH-6 flash is about five microseconds.

An inductive pickup from the discharge of the disturbance spark capacitor
triggers the scope, and the output of a phototube from the spark at the three
probe system is connected to the input of a Tektronix 551 oscilloscope. Since
there is no time delay between the breakdown of the three-probe system and the
flashing of BH-6 lamp, the time delay between the initiation of the disturbance

spark and the flashing of the schlieren light source is thus determined.
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PRELIMINARY TESTS AND RESULTS

After the components were assembled, the system was operated in con-

junction with a small (6 inches in diameter and 13 inches long) vacuum chamber,

At this phase of the experiment there were two major problems: (a) the
functioning of the double stage time delay unit was not consistent, and (b) a

proper grid circuit was required for the 5C22 thyratron, Reference E-3,

It was noted that the inconsistency in the functioning of the double stage
time delay unit was due to the failure of 2D21 thyratrons. Also, the screen
grids of these thyratrons have a significant effect on the operation of the tubes,
and improper voltage seftings of these supressor grids result in inconsistent

time delays.

Using the small vacuum chamber as a substitute for the tunnel test section,
it was possible to set up the system as shown in Figure E-1, and a satisfactory
functioning of the system was obtained. The spark was initiated in the vacuum
chamber, and the light source was flashed; the time interval between the two

events was recorded on the oscilloscope.

No detailed or quantitative study was made to determine the range of
vacuums where a spark can be initiated. Due to the physical size of the vacuum
chamber, the largest possible electrode gap was 3/4 inch, whereas for the
actual experiment it is planned to have an electrode gap of three inches. Since
the electrode gap distance and the vacuum are interrelated in initiating a spark,

data obtained with a 3/4-inch gap would not be useful for a three inch gap.

As the second step, the electrodes were installed in the tunnel test section.
At this phase, the following electrical problem was encountered. It was noted
(see Figure E-5) that the cathode of the 5C22 was at ground potential prior to
firing and rose to 8 KV (charging potential of the capacitor) upon the firing of
the tube. This change of the potential of the 5C22 was transmitted to the 110 V.

outlet through the filament transformer of the tube.
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For the first tests, the electrode gap was 5/32 inch, resulting in a nearly
spherical wave. Figure E-8 shows a typical schlieren photograph of such a
wave taken eighty microseconds after the disturbance spark was initiated at
the electrode tips. The vacuum inside the test section was about 220 mm Hg,
and the charging potential of the capacitor was 9 KV. This picture shows the
poor optical quality of the plate glass tunnel windows which were used during

these tests.

Figure E-9 shows an axial view of a cylindrical wave from a spark initiated
between electrode gap of 1 7/8 inch, taken 200 microseconds after the spark
was initiated. The vacuum was 150 mm Hg, and the charging potential of the

capacitor was 9 KV. Both pictures were taken on Polaroid type 52 film.

CONCLUSIONS

On the basis of the preliminary tests of the flow velocity apparatus, the

following conclusions can be drawn:

1. The apparatus functions properly and appears to be ready for use in
measuring flow velocities.

2. The BH-6 lamp can be flashed sufficiently fast to satisfactorily '"stop"
the shock wave motion.

3. The existing schlieren system is inadequate for use under tunnel
operating conditions, i.e., ambient pressures below 1 mm Hg.
Flow velocity measurements will require the use of the high sensi-

tivity schlieren system described in Appendix D.
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GASEOUS DISCHARGE PHENOMENA IN
HYPERSONIC FLOW DIAGNOSTICS
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NOMENCLATURE

Glow cross sectional area

Acceleration

Electrode separation distance

electric field intensity

electron charge

force

current

Initial electron current at cathode
Current density

Total length of collision chain in "relay model"
Mass of positive ion

Total number of electrons reaching anode
Number of electrons reaching x

Number of initial electrons at cathode
Pressure

Effective transfer cross section

Charge density

Number of collisicns in '"relay model" chain
Time

Average time between collisions

Ionic drift velocity

Free stream velocity

Cathode fall in voltage

Spark breakdown voltage

Width of glow

Axial distance from glow edge of cathode dark space, positive toward
cathode
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NOMENCLATURE (continued)

First Townsend coefficient

Townsend's mean coefficient in dark space

Ratio between electronic and ionic current at cathode
Free path length

Mean free path

3. 1416

Mass density
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INTRODUCTION

The development of laboratory facilities capable of producing high-energy
hypersonic gas flows has opened up a vast area of challenging new possibilities
for gas dynamics research. But the opportunity for research under new and
extreme conditions rests upon a concomitant development of new experimental
techniques appropriate to these new conditions. For research in high-energy
hypersonic flow, the standard aerodynamic measurement techniques are entirely
inadequate. Standard techniques are based on assumptions of completely isen-
tropic, non-radiative, non-ionized, non-dissociated, equilibrium flow of a gas
of known chemical composition. None of these assumptions is permissible for
hypervelocity flow diagnostics. It therefore becomes necessary to devise a new
complex of measurement techniques for hypervelocity flow diagnostics in order
to take full advantage of new opportunities for gas dynamic research presented

by the development of new hypersonic laboratory facilities.

In devising any new diagnostic technique, the goal is to obtain a signal whose
characteristic is, among other things, related in some known way to a flow var-
iable of interest. The signal is produced as the result of some experiment per-
formed on a flow sample. The experiment must not disturb the flow to the point
where there is any significant change in the variable being measured. In hyper-
velocity flow it is difficult to devise diagnostic experiments which do not cause
radical changes in the variables of interest. This is also true of supersonic
flow, of course, but fortunately with the assumptions mentioned above, accurate
relationships between the undisturbed values and the disturbed values can be
derived. In supersonic flow there is thus little to be gained by pursuing additional
limited-disturbance techniques; in hypervelocity flow with its proliferation of flow

unknowns such pursuits appear much more attractive.

In this context it appears that the gaseous electrical discharge offers a
promising avenue for diagnostic research. Electrons, which are here the essen-

tial charge and signal carriers, are extremely light and mobile. Thus the ratio
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of signal to disturbance can be quite large and the response quite rapid. For
example; in a uniform field the breakdown voltage for an electric spark depends
on conditions in the gas between the electrodes pertaining before breakdown
occurs. Breakdowrn voltage is thus a "'signal’ which should be masked orly to
the extent that the electrodes disturb the flow. This has been shown ic be the
case in Reference F-1 where it was found that in air-flow at a Mach number of 5. 8
the spark-breakdown voltage is dependent only on conditions in the stream just
before breakdown and that if corrections are made for the density changes through
the elecirode boundary layer; the breakdown voltage depends only on the product
of density with electrode separation distance, pd, according to the Paschen curve
obtained in still air, Two problems in applying this example to the measurement
of density in a hypervelocity flow are first, obtaining a calibration curve equiv-
alent to the still "air" Paschen curve so that chemical composition is accounted
for and second, calculating or eliminating the necessary correction for electrode

boundary layer.

Another example of an electric discharge which causes little flow disturbance
is the Townsend discharge, which is defined in References F-2, ¥-3, and F-4, for ex-
ample, asa non-selfsustaining discharge in which electrons released at the cathode
by some external agency are accelerated by an electric field to the point where
they cause additicnal ionization by collision, but which is defined in References F-5
and F-6, for example, asthe self-sustaining discharge which occurs at higher
current when a secondary emission mechanism (such as positive ion bombard-
ment at the cathode) just becomes capable of sustaining the discharge. Both these
will be referred to here as Townsend discharges. A Townsend discharge always
occurs just before spark breakdown. But whereas the spark breakdown poten-
tial can only be measured at specific instants in time, the Townsend discharge
can provide a continuous signal. Four problems in applying the Townsend dis-
charge to the measurement of density are: measuring the effects of chemical
composition, determining the effect of velocity, measuring the small cur-
rent involved, and where applicable, controlling the emission of electrons at the

cathode.
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The glow discharge obviates the problem of controlling cathode emission
since it is self-sustained; providing its own cathode electrons by ion and photon
bombardment. The glow adds considerably more energy to the gas than does
the Townsend discharge and thus requires more attention to the problem of flow
disturbance. As with the Townsend discharge, the voltage-current character-
istic of the glow discharge is related to gas density. And like the Townsend dis-
charge the glow discharge is influenced by electrode surface conditions, only
moreso. But unlike the Townsend discharge the glow mechanism requires a
space charge, the cathode dark space. This space charge could present prob-
lems of confining the glow discharge that are not encountered with the Townsend

discharge. It should also enhance velocity effects.

The radio frequency electrodeless ring discharge is of interest here because
in addition to being dependent upon properties of the gas it is—unlike the glow
discharge—not dependent on electrode surface conditions. The electrodeless
ring discharge adds a considerable amount of energy to the gas. Devices based
on radio frequency discharges must of course be calibrated in a way which takes

into account the energy lost through radiation.

Ranking highest in energy addition, the electric arc could be considered,
for example; as a possible light source for inflight, time-resolved spectro-
chemical analysis. But any use of the electric arc pressupposes solution to the
difficult problem of stabilizing the arc at such high velocities. This problem is
not as serious with the other forms of discharge because they do not require

thermal ionization as the arc does.

Perhaps the greatest obstacle to the application of any form of gaseous dis-
charge to the diagnostics of hypervelocity flow produced in the laboratory is the
elimination or use of the effects of the chemical contaminants usually found in

such flow.

The following sections contain a discussion of related literature, outlines

of Townsend, breakdown, and glow theory, a discussion of some rudimentary
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experimental work conducted to get an idea of the practical problems involved
in discharge density measurements, and, finally, recommendations for further

work,

LITERATURE

The basic literature on gaseous discharges is vast. Many of the fundamental
discoveries of physics have been made through the study of gaseous discharges;
and though the field is still far from exhausted, yet there exists a priceless fund
of knowledge which the research engineer cannot afford to ignore in any attempt
to apply gaseous discharge phenomena. There will be here, however, no pretense

at reviewing any appreciable fraction of this basic literature.

The 1956 edition of Volume XXII of the Handbuch der Physik (Reference ¥-7),

provides an excellent reference on almost every phase of discharge phenomena.
It contains several classic review articles which cover in depth and give count-
less references on such discharge phenomena as electric breakdown, the spark,
the glow discharge, the high frequency discharge, the lightning discharge, the
Townsend discharge, and the electric arc. It should be noted that all of these
articles are written in English except the one on electric arcs—and even this one

is available in translation (Reference F-8).

Another classic book which should be mentioned here is the one by Loeb
which in its latest version is called ""Basic Processes of Gaseous Electronics, "
Reference F-9. Thisbookisespecially valuable for its detailed discussion of
modern (1955) experimental techniques in this field. (This is also true to a
lesser extent of Loeb's article in the Handbuch, Reference F-10.) It contains
exhaustive information on such things as the Townsend coefficients, and its
usefulness as a reference is only slightly impaired by the omission of units from

some figures and quantities.
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Two books which cover gaseous conduction from an elementary point of view
are ""Gaseous Conductors,' by Cobine, Reference F-2,and"Theory of Gaseous Con-

duction and Electronics, " by Maxfield and Benedict; Reference F-11.

Compared to the basic literature, the literature on the application of discharge
phenomena to flow diagnostics seems tractable. In a sense this literature is also
"basic' since it treats discharge phenomena under a new condition, under the
influence of forced convecticn. Volume IX of the Princeton series (Reference F-12)
contains an article on "Electric Discharge Anemometry" which summarizes the
work done through 1951 in this field. It serves no purpose to repeat here the re-
view of all the papers menticned there. But a few remarks will be made in the

next three paragraphs.

First it is noted that Fucks (Reference F-13) designed a Townsend discharge
probe which exhibited a velocity sensitivity, {(dI/I)/(du/u), of from .5 to 1.0.

Referring to Werner's work {Reference F-14) witha glow discharge frompointed
electrodes (Corona) which indicated a pressure (actually density) sensitivity,
(d1/1)/(dp/p) of about . 5 and velocity sensitivity 25 times lower, it is suggested

that such an instrument might be useful as a barometer. .

Works by Lindvall and others are referred to which indicate that perhaps
the type of discharge most suitable for velccity measurements is the glow dis-
charge. Several arguments are given to support the theory that the glow data is
velocity-dependent due to the convection of ions rather than to physical deflec-
tions, convective cooling, or pressure (density) effects. Finally, a discussion
is given of the deletericus effects of surface sputtering on instrument reliability,

effects which make frequent calibration necessary.

A more recent (1955} paper by Fucks (Reference F-15)on '"Gas Discharges
Applied to Measurement' lists the advantages c¢f discharge diagnostics tersely
as follows: 'negligible inertia in many cases; no repercussions on the primary

process; direct measurement (by means of a calibrated electric signal). "' Fucks
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prefers the corona discharge probe and gives some conditions for the corona meas-

urement of pressure independent of other flow effects.

Marlotte in Reference F-16 investigated the sparkand glow discharges in hyper-
sonic flow at a Mach number of 5.8 at densities an order of magnitude higher than
those in the Hotshot range. Marlotte considers the general theoretical treatment
of discharges in hypersonic flow tc be virtually hopeless. But the experimental
data he presents seems to be the first of its kind published for such high convec-
tive velocities (about 2000 ft/sec) and should be quite useful for comparison with

any new theoretical treatment.

Sharbaugh, etal., inReference F-1Tpresent the results of an interesting ex-
periment conducted to determine the effect of temperature on spark breakdown
voltage. They make use of a shock tube to produce shock-heated nitrogen between
electrodes carefully designed to produce a uniform electric field. They found that
Paschen’s law holds for nitrogen at temperatures up to 1100°K but that breakdown
potential decreases by as much as 50% at 40000K° They also found that convection
at velocities up to 6000 ft/sec does not greatly affect the breakdown strength of
nitrogen. In addition the authors make some interesting inferences as to ioniza-

tion relaxation times in nitrogen.

Werner in Reference F-18 discussesthe use of the corona anemometer for the
measurement of supersonic turbulence. A series of probe designs was tested.
The last of these consisted of a central pointed corona electrode with two parallel
electrodes on opposite sides. Each of the side electrodes is in two segments and
thus is actually two electrodes in tandem. The central electrode is considered
as merely a source of ions. These ions follow trajectories determined by the
combined effects of the applied electric field and the flow field. The difference
between the currents to the side electrodes is indicative of the side component
of velocity. The difference between the currents to the fore and aft segments
of the side electrodes indicates the axial velocity component. The total current

to the middle electrode is a function of both velocity and density. In order to
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isolate density fluctuations from velocity fluctuations it was necessary to deter-
mine at least the first order interaction coefficients between p and v by calibra-
tion at the conditions of operation. Werner mentions many of the practical

problems, such as unwanted sparking, which plague investigators in this field.

In Reference F-19, Mary Romig gives results of a theoretical study of flow
through an rf discharge with particular emphasis on determining the electron

density distribution and the effects of convection on it.

Excellent papers on the electrodeless ring discharge in still gases are given
by Strauss and Schluter in References F-20 and F-21 and papers on the general

high frequency discharge are given in References F-22, F-23, F-24, F-25, and F-26.

A comprehensive treatment of the glow discharge in still gases is given in
the classic paper of Gordon Francis in Reference F-5. A more recent review
(1960) of the glow discharge is given, along with a theoretical treatment by the
authors, in Reference F-27—-this theoretical development is summarized in

part in another section on the present survey.

An experimental study of the glow discharge with convection (both axial and
transverse) is reported by Maier in Reference F-28. In this paper, Maier gives
an extensive qualitative discussion cf the glow with convection and observes that
though the {stable) glow as not displaced by the flow (120 ft/sec), the glow volt-
age was increased in a manner almost proportional to the transverse velocity.

It also increased with pressure. Maier makes the interesting observation that
when the glow is operating in a "discontinuous' (intermittent) fashion, as it is
for certain circuit conditions {see p. 187, Ref. F-5), the entire discharge

configuration moves with the velocity of the flowing gas.

Oertel in Reference F-29, discusses the measurement of the density varia-

tion and propagation velocity of detonation waves by means of the corona probe.

And; finally it should be menticned that Werner in Reference F-18 found that

the glow (corona} discharge is markedly pressure {density) sensitive, has low
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velocity sensitivity (up to 300 ft/sec), is only slightly humidity sensitive and is
not sensitive to ordinary temperature variations. The apparent disparity between
Werner's conclusion of velocity independence and the earlier work of Maier (of
which Werner was apparently unaware) showing linear dependence is not as dia-
metric as would seem, since Werner's current from a pointed probe was on the

order of micro-amperes in magnitude whereas Maier's was milli-amperes.

THEORY OF THE TOWNSEND DISCHARGE AND BREAKDOWN PROBES

It is instructive to consider the basic mechanisms involved in the Townsend
discharge and the Townsend criterion for spark breakdown. These can be simply

outlined as follows.

When an electric field E exists between two plate electrodes, electrons emit-
ted at the cathode, say by photoelectric means, will travel to the anode. If the
field strength is high enough, fora given gas density, these electrons will be
accelerated to the point where they cause ionization by collision before reaching
the anode. If at a given value of E/p there are a electrons liberated by the col-
lisions of each electron in moving one unit of length, then the number dn liber-

ated by n electrons in length dx is
dn = andx (F-1)

where n is the number of electrons crossing at x.

Integrating,
n=ne (F-2)

If the electrode separation is d, the total number of electrons, N, reaching
a
the anode is noead, each initial electron having caused an avalanche of e d elec-

trons. Multiplying by the electron charge and drift velocity gives:
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(F-3)

For field strengths above a certain range of E/p, the current is greater than

that given above, due to the liberation of secondary electrons. For simplicity

assume the secondary electrons to be due entirely to positive ion bombardment

at the cathode. Let y represent the probability that a single ion will liberate such

a secondary electron. Following Loeb, if there are ng photoelectrons, and n'O

total electrons liberated at the cathode, then clearly
| - - n!
n'o=n o+ v (N-n 0)

Solving for n'0

+ vN
] no y

o 1+v

Each of these electrons causes an avalanche of ead

anode. Thus

a
— ] —
N=n ) 1+
Solving for N
ad
n e
N =
1- e 1)
or
I ead
I=
1-ye?-1)

This is the basic equation for the Townsend discharge.

(F-4)

(F-5)

electrons to reach the
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When conditions are such that the denominator is zero, then

ad 4y (F-9)

e
But (ead - 1) is the number of ions resulting from a single primary electron and
*y(ead - 1) is the number of secondary electrons. Thus under this condition each
primary electron liberates one secondary electron and the discharge is self-
sustaining. Depending on external circuitry, electric breakdown of one sort or
another occurs. This is Townsend's criterion for breakdown. The potential
between the electrodes corresponding to this condition is the breakdown potential

V.
S

It is possible to show theoretically and experimentally that a/p and y are
functionsof E/p (see Reference F-9). The reason for the dependence of @ on den-
sity is that ionization in the gas by electrons depends on collision processes.

The reason for the dependence of ¥ on density is that the probability that an elec-
tron liberated at the cathode will not be returned by back-diffusion is related to

gas density. These functional relationships, along with Equation F-8, show that the
Townsend current will vary with pd and E/p. Or, considering Equation F-9, it can
be seen that Townsend breakdown will also depend on pd and E/p. With uniform
fields E = Vd and it is seen that, for a given voltage and cathode surface condi-
tion, the Townsend current varies with pd only. Similarly the sparking potential

Vs in a uniform field varies with pd only.

This of course is Paschen's law. The Paschen curve of VS vs pd is similar
to the curve shown in Figure F-1. Atthe value ofpd where VS is a minimum, the
electron mean free path is a large fraction of the electrode separation, d. For
lower densities there are less collisions so that more energy per collision and
thus more voltage is required for breakdown. For higher densities, collisions
are so frequent that more voltage is required to provide sufficient acceleration

during the shortened intervals between collisions.
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Paschen's law refers to a uniform electric field, and it cannot be expected
that so simple a relationship will exist for an arbitrary field configuration. In
this sense the curve given in Figure F-1for pointed electrodes is misleading. But
it should be clear that with electrode geometry and electric field configuration
fixed, the Townsend current and the spark breakdown potential will be sensitive

to density even in non-uniform fields.

The fact need not be of concern here that the Townsend breakdown criterion
must be modified somewhat especially for pd > 10-3 in. 1b/ ft3 to account for the
fact that secondary electrons liberated at the cathode apparently cannot cause
breakdown in the observed times of ~ 10_8 seconds. Even with the more recent
streamer, canal, and mid-gap streamer models for the breakdown mechanism,
moreover, the breakdown criterion need only be modified to state that for each
avalanche caused by a primary electron at least one electron must be liberated
at a propitious location by secondary processes, where the secondary processes
now include photoelectric ionization in the gas (seeRef. F-30) Regardless of
mechanism, the breakdown voltage, like the Townsend current, is related to the

density of the gas.

THEORY OF THE GLOW DENSITY PROBE

The requirements for the cathode dark space of the DC glow discharge are
analogous to those for spark breakdown. To sustain the discharge, the "cathode
fall" in voltage across the dark space and the dark-space thickness must be of
the same order as that at the Paschen minimum for breakdown at the same den-

sity; this alone suggests that the glow voltage must be related to density.

Specifically the glow discharge depends on density through its effect on

ionic mobility* in the cathode dark space, where ions must carry most of the

*'"Mobility' is the ratio of ionic drift velocity to the strength of the electric
field causing the drift. In the present case, as will be seen, it varies with
field strength.
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current. This effect is outlined below. But first it seems advisable to review
the qualitative theory of the glow discharge as it has been developed to date in

the classic discharge tube.

The presentation given here will follow closely that of Francis given in
Reference F-5. The geometry is as shownin Figure F-2, withparallelplate elec-
trodes placed in opposite ends of an evacuated tube. Most of the phenomena
essential to the discharge occur in the region near the cathode (see Figure F-2).
The mechanism at the cathode surface is electron emission by ion and photon
bombardment. The emitted electrons are accelerated by the strong electric
field which is produced by the positive space charge in the cathode dark space.
The accelerated electrons move away from the cathode with beam-like proper-
ties through the cathode dark space. A thin sharp glow called the first cathode
layer is produced at the distance where the electrons haveacquired energy
corresponding to the maximum excitation probability. Farther out, the elec-
trons attain sufficient energy to ionize. The ionization increases with distance
through the cathode dark space until a point is reached where the electric field
is essentially zero. At this point there remain fast electrons which have not
suffered collision and slow electrons resulting from the ionizing collisions. The
slow electrons, and later the fast electrons, excite the gas causing the negative
glow region. Ions travel back to the cathode and produce encugh electron emis-

sion to sustain the discharge.

Next comes the Faraday dark space, in which electrons are accelerated
toward the anode by the field caused by the slight excess of electrons at the edge
of the negative glow. When the electrons again reach the excitation energy a
low energy glow is observed. This glow extends essentially to the anode and is
called the positive column. At the anode there is a negative space charge which

produces the anode fall in potential.

Starting at a density where the discharge does not completely cover the

cathode, decreasing the density causes the cathode area covered to increase
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until it is complete. Further decrease causes the negative zones to move toward
the anode. First the positive column disappears into the anode. Then follow the
anode glow, the Faraday dark space, and finally the negative glow. When the
negative glow disappears, the discharge is ""obstructed'” and ceases. The effects
of density on the DC V-I characteristics are illustrated by Figure F-3 which shows
data obtained here in air with a probe design for which the range of densities of
interest is roughly the range between the disappearance of the anode glow and that
of the cathode glow——that is, where the Faraday dark space is disappearing into

the anode,

It is generally agreed that the essential phenomena of the glow discharge occur
at the cathode. A recent addition to the theory of these cathode phenomena (Refer-
ence F-27) includes a thorough review of the various theories promulgated over
the past hundred years. In this reference is it pointed out that the main difficulty
in the development of a satisfactory theory for the cathode mechanism has been
the lack of knowledge or. the interaction of the positive ion space charge with its
own neutrals; on the location of ionization, and on the nature of the charge car-
riers. The authors go through an analysis (see below) whose results are of par-
ticular interest here, including a generaleguation for the characteristic of the

(normal and abnormal) glow discharge in a monatomic gas:

IREIREN a7
j 3) {67 | \/MQ c
5= = : = (F-10)
p ’ { —"pd — mpd‘\\ -
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It appears worth while to present the treatment of the stationary abnormal
glow discharge which is given in Reference F-27 to illustrate the foundations on
which a convective glow theory should be constructed. The central hypothesis
which is made in Reference F-27 (and one which is shown to be good) is that the

only interaction between the ions and neutrals in the cathode dark space is that
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of charge-transfer. Thus it is assumed that when an ion collides with a neutral,
the ion takes up an electron from the neutral, forming a new ion, and that there
is negligible average change in velocity of the two particles. The ion falls a free
path A under the accelerating influence of the electric field E in the dark space.
It collides with a neutral, andat this point another ion begins at zero velocity to
fall through the field.

It is a good assumption that the acceleration, a, is constant and thus

L _at’ _Ft* Eet’ (P11)
T2 M2 M2
The time between collisions is therefore
1/2 .
|2Ma |
t= |— F-12
k eE ,? ( )

Now it is assumed that after this time the (new) ion begins again at zero
velocity so that, if there is a chain of s collisions, the total length of the chain
L is

-
I

S\ (F-13)

where AO = the mean free path.

The time required to complete the chain is

1/2
T=st_=s —zé% (JX)av (F-14)
now
© A1
(fi)av =J v e')“/)‘o d(A/AO) = 20 (F-15)
(0]
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so that

/M)\on \1/ 2
T= Sk 2eE | (F-19)
The ionic drift velocity is thus given by

2eE \

- T = Vi (F-117)
where

Q- (F-18)

- )‘-Op 3 —,

Now the charge in the dark space is simply the ratio of current density to

drift velocity, and Poisson's equation gives

% - 47 j/u = —2T] (F-19)
2Ee
T MQp
which is readily integrable assuming %;‘ = ¢ with the result
«- . \2/3
E= —OnX (F-20)
\ 2e
\/ TMQp

This can again be integrated from x = o (the edge of the cathode glow), to
x = d (the negative electrode). The integral of the electric field over the dark
space gives VC, the cathode fall in voltage, which is the major part of the glow

voltage. The result is:

v

e (¢ .
WQ‘N)WZ (F-21)
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This is the abnormal glow discharge. Reference F-27 alsopresentsthemore
involved Equation F-10above, for the abnormal and normal glow where ioniza-
tion in the dark space by electron avalanche must be taken into account. It is
pointed out in Reference F-2T7 thatthe above Equation F-21, does not contain the
various coefficients for electron emission from the cathode surface and thus
indicates that the abnormal glow is insensitive to the state of the cathode surface.
This agrees with the tentative observation in the feasibility tests of no fundamental
difference in the response of a platinum probe from that of a copper probe in the
abnormal regime. For diagnostic applications this is of course an important

consideration.

It isalsotebe noted from Equation F-21 that the abnormal glow characteristic
shows a square-root dependence on gas density. This indicates a density sensi-
tivity (dI/I)/(dp/p) of . 5 which agrees both with the experimental result obtained

here and with that of Werner.

FEASIBILITY TESTS FOR DENSITY MEASUREMENT

In order to get some feeling for the practical problems involved in discharge
diagnostics, it was decided to conduct feasibility tests for the measurement of
free-stream static density. These tests were limited to the use of equipment
readily available at the time. No attempt was made to obtain refined results
since this would have required the use of techniques too elaborate at this stage.

Several ideas were considered.

The first of these was to use the spark breakdown potential. It has been
indicated in Reference F-1that if corrections are made for the boundary layer on
plate electrodes, then VS is related to pd by the Paschen curve for the same elec-
trode geometry in still air. The measurement of Vs’ then should indicate the free-
stream density (see Appendix E). To test the feasibility of this idea a simple probe

was constructed to measure VS for various densities in the Hotshot range. The
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first spark probe was pointed (see Figure F-4) as it probably would be in actual
use in order to eliminate boundary layer problems and to localize the measure-

ment. A diagram of the crude circuit used is given in Figure F-5.

Several practical problems were immediately discovered. The major one
was that the spark did not strike through the shortest distance but preferred to
strike between the electrode roots. To prevent this the electrodes were insulated

(except at the points) with epoxy resin.

Figure F-1 shows a curve of VS vs. pd obtained with the insulated probe for
air at densities from 10™% to 2 x 1072 atmospheres. The similarity to the classi-
cal Paschen curve is apparent. But since the electric field is not uniform, this
curve applies only to the particular electrode geometry for which it was obtained,;

the abscissa of Figure F-1 is givenaspd rather thanp merely for comparisonpurposes.

It was found that even when the terminal voltage was raised as slowly as the
power supply permitted, breakdown occurred at significantly scattered values
(+ 5%). The reasons for this non-repeatibility probably lay in the ripple in the
rectifier voltage and changing electrode surface conditions, and it could undoubtedly
be reduced. (According to Loeb, Reference F-10,p. 493, VS for air has never
been measured to better than + 0. 5% ) One practical consideration which was
clear is that the increase of the terminal voltage until breakdown occurs is not
a satisfactory technique for the Hotshot, where the time available is of the order

of milli-seconds. A good voltage-pulse generator will be required.

The subject of breakdown repeatability is a complex one—for a comprehen-
sive review, see Loebs' article, Reference F-10. In general it has been found that
the extent to which the breakdown voltage can be exceeded for a given interval
of time depends upon the interval and upon what particular breakdown mechanism
is active, among other things. Fisher has indicated that for pd < 8 x 10-4 in-lb/ft3
the Townsend mechanism seems to predominate, in which case the time lags would
be longer. Fisher gives time lags of ~ 10—’7 sec for an overvoltage of 2 1/2% and

’"10'4 sec for an overvoltage of 0. 02% (see Reference F-10). It seems clear that
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good repeatibility should be possible in the 20 milliseconds of run time available
in a Hotshot tunnel. InReferemce F-17 it was found convenient during the exploratory
stages to use an 18 u-second ramp-shaped voltage-pulse in order to reduce the

amount of hunting required to determine the breakdown voltage.

Another possibility for obtaining spark breakdown during a short time inter-
val would be to use a probe geometry which would offer a range of possible spark-
ing conditions for a given field configuration. The location or length of the spark
produced by such a geometry might then be used to indicate gas density. An ex-
ample of this would be a number of probes at various potentials grouped around
a central grounded probe. Determination of the firing sequence of the sparks
could give VS. But it is probable that no arrangement could be devised which
would eliminate interaction between the probes, and the firing of one would trigger
others at lower potentials. Another example would be an electrode with a con-
tinuous range of local surface curvature, thus providing a range of local variations

in E. Here again the spark location could vary with density.

Still another example of this approach which was tested for feasibility con-
sisted of two electrodes set at an angle with respect to one another. In this way
E and d varied along the length of the electrode, presumably providing a continuous
range of possible sparking conditions. Figure F-6shows thedevice tested. The
density range was from 107% to 2 x 1072 atmospheres, the gap width varied from

1/2" to 3" and the voltage ranged up to 1200 volts.

Briefly, it was found that spark length and location was not repeatable but
seemed quite random. Worse, in many instances there seemed tc be multiple
sparks. Thus it appears that this probe geometry offers a multiple set of E and
d combinations with equal spark probabilities or that the initial breakdown triggers
other sparks. Interestingly enough, despite the random location and length of the
spark, the plot of breakdown voltage vs. density gave a smooth Paschen-shaped
curve., This gives evidence that the random spark location and length is due more
to a triggering mechanism than to any peculiarities of the geometry or electrode

surface conditions.
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Tests of probes based on the Townsend discharge were not conducted due to

13 10—7amperes), Detailed informa-

the lack of a suitably sensitive ammeter (~10~
tion is given in Reference F-9 on the experimental difficulties in measuring
Townsend discharge characteristics and on techniques for obviating them. This
information, along with the detailed presentation of the underlying physical
mechanisms also given, should provide a very useful base for the practical

application of the Townsend discharge to experimental gas dynamics.

In connection with an experiment conducted for other purposes it was noted
in passing that the radio frequency discharge shows considerable sensitivity to
gas density. The use of an electrodeless ring discharge would be attractive for
diagnostics since it eliminates electrode surface effects. No quantitative meas-
urements of the effects of density on the electrodeless ring discharge were made,
however. It seems likely that some difficulty would be involved in designing a

probe to give sufficiently localized measurements.

The simplicity of the equipment required for the glow discharge allowed a
more extensive investigation of its possible use for the measurement of p. Fig-
ure F-T7 shows the schematic of the circuit employed. Batteries wereusedtoallow
isolation of the power circuit from ground because it wasfoundthat in the evacuated
test section of the Hotshot tunnel a glow discharge to the grounded metal walls
would otherwise occur. The ideal power supply for DC gaseous discharge work
is in most cases the constant current source, since discharge voltage is a
single-valued function of current. Thus the external circuit should ideally be
equivalent to a high-voltage battery in series with a high resistance. The resist-
ance is often referred to as ballast, The variable resistor shown in Figure F-7
serves as ballast resistor. The potentiometer is for voltage control. The switch
shown is connected such that the glow current can, if necessary, be measured

without having the voltmeter in parallel with the high-impedance glow.

Figure F-8 shows the same circuit with the oscilloscope connections used for

obtaining voltage~current characteristics. Figure F-9 shows some of the probe
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configurations tested. These ranged from a bona-fide large-surfaced glow probe
to a pointed-electrode corona probe. Differences among the probes were due
chiefly to differences in cathode geometry. The cathodes with larger areas had
larger ranges of "normal' discharge current of course; since abnormal glow
begins only when the cathode is covered with the glow, and in general they also
gave more stable and repeatable results. Figure F-10 showsthe experimental
setup. Figure F-3 givestypical data obtained with the corona probe for densities

in the Hotshot range using the oscilloscope connected as shown in Figure F-8.

Many practical problems were encountered in the work on the glow probe.
One of the most dogging of these was what appeared to be a tendency for the glow
to spread from the desired areas. Since only DC instruments were being used
initially, the occurrence of this phenomenon seemed quite random. Thus under
some conditions the insulated portions of the probe would glow, no matter what
the insulation: epoxy, glass, corona dope, or rubber; and this was found to occur
on the insulated portions of either or both electrodes depending somewhat on the
cleanliness of the conducting electrode surface. Very little effect was noted of
diffusion barriers, although completely enclosing both electrode faces together
in plastic tubing was effective. It was felt that the discharge could not be corona:
there was no evidence of insulation breakdown which would allow DC conduction,
the characteristic tufts did not appear along the cathode, and no glow at all occurred
when there were no exposed conducting surfaces {(and thus no current in the probe

circuit).

It is now felt that the observations made of the glow appearing on insulated
conductors point conclusively to a high-frequency glow appearing with, and caused
by, the intermittent discharge —observed with the oscilloscope— which occurred
at particular combinations of external-circuit and glow parameters (see below).
This phenomenon can undoubtedly be eliminated for a given range of pressures

and probe geometry by the proper changes in external circuitry.



Much of the data was found to follow an equation of the following form, as

given for example in Reference F-5:

where kl’ k2 = constants
This indicates a density sensitivity (d1/I)/(dp/p) of 0. 5. This agrees with that
found by Werrer (Reference F-14) whoalsofounda velocity sensitivity 25 times

lower.

In order to test the response time of the glow discharge, the cathode-ray
oscilloscope was set up (Figure F-8) tc measure glow current and voltage. Two
attempts were made to measure the time of response to rapid fluctuations in
density. The first attempt to do this was by use of the shock wave from a spark
discharge between a pair of electrodes located across the chamber from the glow
electrode. The spark produced appearedquite cylindrical and caused a sharp
noise even under vacuum. Unfortunately it alsc produced excessive electro-:
magnetic noise which was picked up by the glow circuitry, completely masking
the glow pressure-response. Another method for producing a rapid pressure
fluctuation was the puncturing of a cellophane diaphragm separating a small vol-
ume of atmospheric air frcm the evacuated chamber. Figure F-11 illustrates the
results obtained. It can be seen that the chamber pressure stabilizes at a higher
value within about four milliseconds. The probe appears to pick up much faster
pressure variations resulting from the reflections of the shock wave configuration.
This would be in agreement with the results in References F-14 and F-31 indicating
that the glow would pick up pressure fluctuations of frequencies in the megacycle
and 200-cycle regimes respectively. It appears that the time response of the glow

probe is quite adequate.

Some interesting cbservaticns were made with the oscilloscope, of saw-tooth
fluctuations in glow current. Oscillations of the type observed are well known,

having been first noted by Gassiot in 1863 (see Reference F-5,p.187). Their
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occurrence and the frequency of intermittence depend on the EMF, resistance,
and capacitance of the external circuit as well as the breakdown voltage, extinc-
tion voltage, and effective capacitance of the glow which in turn depend on the gas
properties and the frequency itself. The oscillations are readily understood in
terms of the charging and discharging of the effective parallel capacitance
(including electrcde and space-charge capacitance) through the negative character-
istic of the subnormal glow, but other explanations have been proposed. In any
case the feature of the glow which is essential to the coscillations is that the ex-
tinction voltage is lower than the breakdown voltage. Here of course it is the
dynamic rather than the static glow characteristic which governs. Considerable
analytical and experimental work has been done relating the frequency to the dis-
charge and circuit parameters. For a full discussion, equations, and references,
see Reference F-5. The intermittant response was observed at higher and lower
pressures but not at intermediate pressures. In the range where the saw-tooth
occurred, the frequency varied with density, and correlated with the visual appear-
ances of the discharge at the anode and cathcde. For a given external circuit,
upon lowering the pressure to the point where the glow begins, a hissing sound

is generated and the oscilloscope shows saw-tooth oscillations in current at
frequencies around 10 KCPS. The cccurrence of the saw-tooth coincides with
the appearance of an apparently steady orange light in the shape of a cone with its
apex at the anode, Lowering the pressure gradually, increases the frequency of
the saw-tooth until it and the cone suddenly disappear. Then the pressure goes
through a range where the current is steady, until a pcint is reached where fur-
ther lowering brings back the saw-tcoth fluctuation, this time at highfrequency,
along with a diffuse reddish cone at the anode. Lowering the pressure further,

decreases the oscillation frequency until the glow collapses.

It seems probable that the anocde cone mentioned above was caused by one or
more of the breakdown threshold mechanisms (Reference F-10, p.506) in which an

electron in a concentrated field region near the anode initiates an avalanche, from
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which the electrons quickly diffuse leaving a positive space charge and enhanced
field at the anode, and from which ionizing photons are emitted. With a highly
stressed anode, breakdown thus occurs at the anode first and there is a range of
voltage between breakdown at the anode and breakdown in the gap. When the glow
is in intermittent operation this corona burst occurs at the anode each cycle and
is visible. In continuous operation the breakdown mechanisms are no longer in
operation and the anode cone does not appear. The fact that the anode cone and
oscillations were observed over a lower range of densities (below that corres-
ponding to the minimum in the Paschen curve) and a higher range of densities
(above the Paschen minimum) was due to the particular combination used of
voltage-current characteristic for the external circuit with the discharge char-
acteristics at the various pressures. The fact that at low densities the frequency
increased with density was because below the Paschen-minimum density, increas-
ing the density decreases the breakdown voltage to which the circuit capacitance
must be charged each cycle. This also explains the observed decrease in fre-
quency with increasing density above the Paschen minimum since here breakdown

voltage increases with density.

In concluding the outline of the feasibility tests, it should be emphasized that
no consideration has been given in these tests of the effect on discharge charac-
teristics of the chemical composition of the gas. It has been shown that in the
glow discharge, for example, the effects of minute concentrations of some gases
can have an overwhelming effect on the glow characteristic— see Reference F-5,
p. 181. (In fact the electric discharge is so sensitive to gas composition that it
suggests itself for possible use in chemical analysis of the flow. ) The effect of
density or velocity changes can be overshadowed by the effect of changes in the
gas composition. This is a particularly serious problem in view of the flow con-
tamination common to Hotshot facilities. With known composition, as was the
case for the literature cited above, the important unknowns reduce to two:

velocity and density.
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Two approaches to the solution of the problem presented by the effects of
chemical contamination are; first, to seed the gas with an element of low enough
ionization potential or whatever to override the effects of any additional contam-
inants, thus providing effectively known chemical composition, or, second, to

use some independent means of determining the chemical composition of the flow.

RECOMMENDATIONS FOR FURTHER WORK

1. The Townsend discharge probe should be studied experimentally to isolate
density and velocity effects, The absence of a velocity effect might be inferred
from the results in References F-1 and F-17,  which show spark breakdown
voltage to be independent cf velocity. On the cther hand Fucks found a velocity

sensitivity of . 5 to 1. 0.

2. The variable-geometry spark discharge probe should be studied theoret-
ically to determine its possibilities. Of particular importance is thequestion of
providing a single-valued geometry which produces repeatable single-spark break-

down data.

3. The electrodeless ring discharge should be investigated experimentally:
as a possible in-flight spectrosccopic source and to determine its sensitivity to
flow parameters. This device offers an opportunity for reducing or eliminating

electrode effects.

4, A glow discharge theory should be developed which includes the effects
of convection. The work of Badareu and Popescu provides a good basis for this
extension of theory. One approach would be to make some assumption as to the
average effect of convection on the motion of the ions and from this obtain a rela-
tion for the charge distribution in the dark space. This along with Poisson’s
equation could be used to obtain the desired characteristic equation. .Any equa-
tion would of course require experimental verification; the data of Reference 16

provides a possible experimental check of the theory.

F-24



5.

Calibration tests should be made to measure the effect of velocity and

electromagnetic noise on the corona probe and to explore the effects of chemical

composition.

setups:

6.

These tests could be conducted for example with three experimental

Vacuum Contamination Chamboer. This setup allows variation of
gas density, chemical composition (and with it ionization potential,
etc. ), probe geometry, and electric circuitry.

Shock Tube. This setup allows isolation of the effects of velocity,
density, and chemical composition, as well as providing data on
time response.

Hotshot Tunnel. Although the variation of parameters in this facil-
ity is much more complex and, unlike the shock tube, not calculable
from theory, it should be possible nevertheless to obtain valuable
data by ccmparison of runs made with different gases, charge den-
sities, power inputs, etc., placing weighted reliance on other meas-
urements made during these runs such as composition, pressures,

velocity, etc.

The use of rail electrodes for the direct measurement of velocity by

observation of the motion of an intermittent glow discharge should be investi-

gated experimentally. Maier's work {Reference F-28) indicates that theintermit-

tent glow travels at free-stream velocity. The frequency of the intermittent

discharge would be sensitive to density. It is thus conceivable that and inter-

mittent-glow probe would provide data on velccity, density and mass flux.
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Fuse Position
After Break
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Electrode

Electrode Tip —/

Figure A-1. Fuse Configuration

Figure A-2. Fuse Schematic and
Nomenclature
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Figure A-3. Actual Force
Distribution on Fuse

Figure A-4. Linearized Force
Distribution on Fuse

Figure A-5. Main Bus Bar
Current Circuit Schematic
Prior to Main Switch Opening
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Figure B-1. Initial Uniform
Stresses Applied to an Infinite
Flat Plate with a Hole.

Figure B-2. Nomenclature
for Two-Shell Analysis.

Figure B-3, Nomenclature
for Three-Shell Analysis.
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Figure B-4. Typical Stress— Strain Curve for Potomac "A" Steel
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Figure B-5. Stress Distribution Including Effect of Side Holes
(with operating pressure of 80, 000 psi).
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Figure D-5. Typical Schlieren Evaluation Data
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Distribution)*
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Figure E-2, Double Stage Time-Delay Circuit
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Figure E-4. Disturbance Spark System
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Figure F-1. Paschen Curve for Breakdown Voltage with Spark Probe
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Figure F-5. Diagram of Circuit Used for Spark Probe
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