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. INTRODUCTION

The rapid development of high velocity craft has greatly stimulated
interest in the new gas dynamic phenomensa which occur at the high temperatures
genersted in hypersonic flight. The chemical changes which occur affect the
entire fiow field arcund a body as well as the interaction with the sclid
surface boundary. There is a dearth cf experimental date necessary for
predicting these effects. This report desls with the initial considerations
in the design and fabrication of an arc heated tunnel facility to obtain such
data. This tunne; is now under construction.

In order to cbtain very high velocities, a great desl of energy is
required. This, in general, means that such a facility must be quasi-steady,
at best. The main advantage of the arc-hested tunnel is the possibility
of obtaining high stegnstion temperaturss at comparatively high pressures
for relatively long run times. High pressures are particularly important
because the extent of chemicel non-equilibrium in the nozzle expansion is

sensitive to pressure {for s given temperature).



2. GENERAL DESCRIPTION

The tunnel installation consists of a small motor coupled to a d.c.
generator with a heavy flywheel, a coil, arc chamber, nozzle, test section,
vacuum tank and vacuum pumps. An early artists’ conception of the instal-
lation is shown in Figure 1 and an overall layout is shown in Figure 2.

The general operation is the same in principal as for any blowdown
tunnel:. The arc chamber is filled with gas tc the desired density. The
dovnstream section is evacuated by means of the vacuum pumps. The small
mctcf(theh brings the generator rotor and flywheel up to speed and the
generator is pulsed to deliver current to the coil, When the current in
the écil‘reaches a meximum, the circuit is interrupted so that the
megnetic field of the coll collapses and an arc is initiated across the
electfodas in the arc chamber. The arc heats the gas in the chamber at
constent volume, to the desired stagnation temperature and pressure. The
diaphregm at the entrance to the nozzle throat then ylelds and the heated
'gas in the arc chamber is acceierated through the nozzle and test section,
where it reaches a high velocity, and into the vacuum tank.,

Design consideration of components are discussed in section k.



3. OPERATING CONDITIONS

Unfortunately, cost is always a consideration in determining the
limitations of a system. There are two major cost limitations in a high
pressure’ "hot-shot" type of facility. One is the cost of delivering the
electrical energy. The other is the cost of constructing a chamber for
high pressures.

| Thé cosf of even a small high pressure chamber increases very rapidly
for pressure.abpve 60,000 psi. The construction of a chamber for pressures
overFESOQOOO psi becomes questionable, let slone expensive since present
day alioyS»have a yield, at best, of below 300,000 psi., New materials or
a qareful prenstressing of a series of shells present costly possibilities.
A maximum pressure of 80,000 psi represented a reasonable compromise, and
is therefore, one limitation on our operating conditions.

The cost of supplying energy to the gas 1s related to the efficiency
of the energy transfer process. One problem in this connection is the
problem of the change in average electrical resistance of the gas with time.
As the arc is initiated the gas in the arc column becomes ionized and
'therefore its resistance tends to be reduced. On the other hand the column
tends to be reduced in cross section by a pinch effect which would tend to
increase the resistance of the pinched gas. In the case of the co-axial
electrode geometry the arc column alsc tends to be stretched out in length
and rotate. This would, of course, make for an increase in resistance.

There has been some experimental evidence (References 1&2) that an overall



average resistance of .02 ohms may be used as a very rough approximation.
If the average resistance is less, a higher current will be required for
the given energy transfer. [Some provision for this possibility has been
made (see Appendix A).] Energy transfer to the gas of 2x106 joules appears
regsonable and is therefore a second limitation on our operating conditions.
With a given amount of energy, test-section conditions depend primarily
on the quantity of gas in the arc chanmber and the extent the gas 1is expanded
from reservoir to test-section. Required and limiting stagnation conditions
were computed for a variety of free stream conditions. These computations
were based on chemical equilibrium throughout (References 3 and 4). Isen-
tropic quasi-steady flow was assumed. Values for the region of density
above one hundred times standard were obtained by extrapolation. These
values are therefore only approximate.
Free stream conditions were assumed for the computation, and stagnation
enthalpy computed from h_ = he + 1/2 u“?. Stagnation conditions were
then determined from the mollier diagram from ho and the constant entropy
known from free stream conditions. From stagnation internal energy and
density, limitating stagnation conditions for a maximum energy transfer of

2x106

joules and given arc chanber volumes were determined.

Figure 3 is an example of computed stagnation conditions necessary
for one set of test-section conditions. This graph is for T = 270K,
Since the,)go curves are also constant entropy curves, if Too were

approximately 108°K all the constant Ja curves would shift to the left



approximately one, i.e. a factor of approx. 10)"os change. Likewise,

if T, were approximately 680%K all the J% curves would shift to the
right approximately one. The velocity curves would not change much with
change in T4, 1in this high velocity region.

Figure 3 also indicates the limit on stagnation conditions for energy
transfer of 2x106 joules and arc chamber volumes of 60 in.3 and 240 in.3
The 240 in,3 limitation on stagnation conditions is the same as that for the
transfer of approx. 500,000 joules with the approx. 60 in,3 volume. Of
course, any set of conditions below the energy limit lines could be obtained
by the transfer of less energy.

Figures 4 through 11 indicate the change in thermodynamic coordinates
through an isentropic expansion for two sets of stagnation conditions. They
are compared with an expansion based on an effective isentropic exponent of
1.2 and 1.4, These computations are based on a graphical integration and
therefore are not very accurate and are quite tedius. It appears that these
equilibrium conditions cannot be approximated by means of one effective
isentropic exponent for the entire expansion. However, one exponent to some
appropriate temperature, say 2000°K, and another for the remsinder of the
expansion appears feasible. For completely frogzen flow the effective ¥
would be above l.4t due to the presence of monatomic molecules. For flow
where just composition is frozen, ¥ would approach 1.28 for diatomic
molecules with vibrational degrees of freedom, or somewhat less where other

degrees of fresdom such as ionization enter. These have not been computed



partly because there is evidence (Reference 5) that at relatively high
stagnation pressures the flow through a nozzle expansion will remain very
close to chemical equilibrium.

Figures 4 through 1l are based on the method described in Reference 6.
This method employs the mollier diagram and a graphical integration of the

2
steady, one-dimensional momentum equation in the form 9.(%5[_%). = - )315 .

LT, a, and Y are plotted versus p. Then )% is plotted versus p and
graphically integrated to obtain ug/E as a function of p. u and M are
obtained from u?/2 and a respectively, and A/A¥, from é—&i . The
calculations for the )%g = 200 conditions are based on extrapolated values.]
Figure 12 is a plot of fj'ee stream Reynolds number per foot versus free
stream Mach number for a few values of free stream temperature and density
as parameters. These curves were computed on the same basis as Figure 3.

The usual quasi-steady state blowdown tunnel expression was employed
to approximate the change of stagnation conditions with time, after flow is
established. An arbitrary limit of approx. 1% decay in stagnation density
per millisecond of flow time was employed. This limit for our initial
short nozzle represents an average of approx. «3% decay in stagnation density
per particle residence time in the nozzle.

The decay rate is a function of the ratio of arc chamber volume to

throat size as well as a function of the stagnation conditions. Setting

the decay rate for a given arc chamber volume places a maximum on the



throst size or a minimum on the test section velocity for a given effective
test-section size. The effective test-section ares depends on the boundary
layer displacement thickness. Unfortunastely there is no reliable way of
determining the boundary layer displacement thickness. All present methods
are of questionable accuracy. Cne added problem here is the extent that
the nozzle wall provides effective boundary layer cooling in the short
period of time involved. For T, &approx. IOQOK and an effective test-
section ares of 1 square foot, the minimum velocity is limited to approx.
8000 ft/seeo At T, approx. QTOOKQ this becomes approx. 13,000 ft/sec.

Run time is usually considered from the start of the flow in the test-
secticn to the time of flow breskdown. (See Section 4 f.) From all
indications, however, there is & time lag in the adverse temperature effects
on the surfaces in the src chamber. That is, erosion or evaporation of
electrodes, liner, insulation, etc. increases rapidly with elapsed run time.
The run time will therefore be limited by the opening of z valve in the
src chamber, (See Section 4t b.). This Ydump valve" will limit the run time

to 15 to 20 milliseconds.
L, FACTILITY COMPONENTS
&, Building Arrangement for Installation

The tunnel is to be installed in an addition to the Aircraft

Propulsion Laboratory. The general arrangement of the layout is as shown



in Figure 2. A special cavity and concrete pad with built in ties were
constructed for the motor-generator-flywheel power supply. Completely
isolated concrete pasds are also included for meodel support and support of
optical equipment. Floor pad provision has been made for the use of g
schlieren system of long focal length. Support for the arc chamber is to
be built intc the floor.

The coil, electrodes, arc chember, nozzle, and vacuum tank are on &
common centerline. Steel has been kept to a minimum in the vicinity of

the coil to minimize magnetic losses and field distorticn.

b, Arc Chamber
Figure 13 shows the internsl arrsngement of the src chamber. The
main considerations in the design sre: 1) maximum internal pressure, 2)
meximum wall stress, 3) volume, 4) internal geometry, 5, electrode geometry,
6) nozzle-throst geometry, 7) pressure seals asnd insulation.
1) As previously indicated the design is based on & meximum internal
pressure of 80,000 psi. The decision was largely a cost factor.
2} The maximum wall stress cccurs at the inside surface of the chanber.
It will slways, of course, exceed the maximum pressure, nc matter
how thick the chamber wall is. Successful heat trestment of thick
walls requires special alloys and these are expensive and difficult
to machine. The wall thickness is determined by the meximum internal

pressure, the msterial used and a factor of safety of 2. Thick



3)

k)

shell elasticity theory is used to determine stresses.

Choice of arc chamber volume is related to maximum energy
transfer to gas, stagnation pressure and temperature limits,

and the decay rate of stagnation conditions. For a given energy

transfer, higher temperatures and pressures are possible with a

smaller volume. (See Figure 3). The decay rate of stagnation

conditions decreases as the volume increases. Therefore, it is
desirable to have as large a chamber as possible from the one

standpoint and as small a chamber as possible from the other

standpoint. Once maximum stagnation pressure is determined for

a given energy transfer, however, the arc chamber volume is roughly

determined. This can be seen from Figure 3. For a pressure max-

imum of 80,000 psi and energy transfer of 2x106 Joules, an arc

‘chamber volume of 60 in.3 was decided on as consistant with all

requirements.

For a given volume, several arc chamber geometries vare feasible.
Volume to internal surface area should be a maximum for minimum
loss due to heat transfer to the chamber walls. A maximum volume
to surface area ratio would be obtained by a spherical chamber.
However, a spherical chamber presents problems in fabrication and
sealing. A cylindrical chamber was decided on to obtain axial
symmetry, ease of fabrication and economy. For a cylindrical

chanmber a length to diameter ratio of approx. 1 is closest to the



5)

sphere configuration. It is desirable, however, to allow for a
long "stretched out" arc so that a length to diameter ratio of »7 1
has an advantage. The compromise of a length to diameter ratio of
approx. 2 was mde.

The electrode geometry should provide for good contacts at all
Junections, reasonable current density, the possibility of varying
the distance between electrodes, and uniform transfer of energy.
Sbft copper washers and silver plated surfaces are provided to
minimize contact resistance between surfaces. Electrode dismeter
is‘keptbat a minimum of 1-1/2" with no section having less than
that equivalent area. There is evidence (Reference T7) that with

co-axial electrodes, the arc rotates, resulting in a more uniform

transfer of energy and less electrode evaporation. The electrode

6)

- tips are therefore concentric. They are removable to provide for

altering the distance between them.

The subsonic section of the nozzle, and the throat section, as well

as a portion of the supersonic section of the nozzle are all part

of the arc chamber structure. The entrance to the throat should be
smooth and gradual. A total conical angle of 20° was chosen for
this. The dowhstream section of the nozzle has a total angle of 15°
(See Section 4 c.). The throat section must withstand high heat
transfer rates. Tungsten throat inserts are used for this purpose.

These inserts are made with a straight section at the throat of the

10



7)

8)

order of the throat diameter. There is evidence that such a design
makes for a more uniform flow. Throat size to obtain given test
section conditions depends on ef'fective test-section area. This in
turn devends on boundary displacement thickness. Until we know

more about computing displacement thickness; throat size for given
test-section conditions cannot be determined. Throat diameters will
vary between approx. .02" and .15" as outside limits.

Most materiasls generally used for sealing purposes extrude at a
pressure of 80,000 psi. Pressure sealing the arc chamber therefore
becomes a problem. Seals must be designed so that there is nc place
for any extruded material to go. This is also true of electrical
insulation materials. Here there are some exceptions, hosever. One
is natural mica which can be "piled up" in thin sheets for insulation
in the direction perpendicular to the sheets. Another is aluminum
oxide porcelain which will take a compression load of over 200,000 psi.
There is also malamine-glass insulation which is quoted as takirg a
compressive load of 90,000 psi. A combination of the mica and
epoxy-glass has been used successfully (Reference 8).

A liner for the chamber is advisable for two reasons. It facilitates
moderate changes in internal size and/or geometry. It also makes
possible the use of a material of high thermal and electrical con-
ductivity for the inside surface of the chamber. A perforated

baffle is provided as part of the liner to provide somewhat of a

11



9)

10)

settling chamber and to smooth the fluctuations set up by the
rotating arc. The baffle is placed in the chamber so that there

is a comparatively small volume on the downstream side to minimize
pressure lag on the downstream side of the baffle. The diaphragm
is placed just upstream of the throat and can be either a plastic
film such as Mylar or a scribed metal disc. The Mylar probably
evaporates. The scribed metal has the advantage of rupturing at a
given pressure.

Advantage can be taken of the time lag in the contamination of the
gas by oxidation, evaporation and/or erosion of metal component in
the arc chamber, by venting the arc chamber after a pre-set period of
time. A large fast acting valve is required for this purpose. Two
possibilities are being considered for this valve. One is an
explosive charge in a plastic plug, the other is a closing based
on explosive bolts. In either case automatic triggering by a
timing circuit is required. The hot gas will be vented vertically
through the roof to minimize the problem of reaction forces.

The arc chamber will be mounted on rails so that it can be moved
along its axis, horizontally. This makes for easy access and easy

removal of the downstream section of the nozzle.



c. Nozzle

The initial nozzle to be used is axisymmetric. An axisymmetric nozzle
has the following advantages: 1) minimum throat perimeter to throat area
ratio for minimum change in throat section with time, 2) smooth boundary
layer growth, 3) greater flow uniformity, 4) symmetrical thermasl expansion.

A conical nozzle was chosen for versatility and economy for initial
operation. The nozzle has a total included angle of 150. This represents
a compromise between minimizing both axial gradients in the test-section
and the possibility of boundary layer separation, and minimizing boundary
layer displacement thickness. The larger the nozzle angle the greater the
likelihood of boundary layer separation and the larger the gradients in the
test-section. The smaller the nozzle angle the longer the nozzle becomes
for a given test-section area and the thicker the boundary layer in the
test-section.

For the high stagnation densities, the Reynolds nunmber will be higher
than the critical Reynolds number for the region in the nozzle where the
flow reaches a Mach number of about 3. {Reference 9. The boundary layer will
therefore probably become turbulent long before reaching the test-section
region, so that even though the boundary layer is cooled it will probably

be turbulent in the test-section region.

13



d. Test Section, e. Transition Section

There appears to be little advantage to a straight test-section with
a conical nozzle. The test-section region is therefore in the conical
portion of the tunnel. The diameter at the test-section centerline is
approximately 19". A conical section dowvnstream of the test-section has
provision for model mounting and instrumentation access. The nozzle and
test-section are in one piece and can be removed without interferring

with any model mounting.

f. Vacuum Tank

The vacuum section downstream of the test-section has a volume of
approximately 40O cubic feet. If a diffuser is employed, the vacuum tank
should be large enough so that the pressure in the tank will not increase
beyond that behind the normal shock at the diffuser exit, before the end
of the run. A more conservative limitation is a tank large enough so that
with the maximum mass flow, the pressure in the tank doesvnot reach the
test-section exit pressure before the end of the run. Both criterias were
considered in determining the vacuum tank volume. The tank is 4 feet in
diameter made in two sections for easy diffuser mounting, possible future
change in test-section, and economy. Double welds are used for strength
with the space between them vented to the vacuum side. This is done in
order to minimize the possibility of virtual leaks from enclosed pockets.

Single Army-Navy standard "0"-rings are employed for vacuum seals. Shell

14



thickness is based on ASME code with sections 3/8" and 5/16" thick. All
inside surfaces are coated with low vapor pressure paint or oil to minimize the

problem of removal of moisture from hygroscopic surfaces.

g. Vacuum Pump

To obtain proper starting of the flow through the nozzle a low pressure
is required downstream of the nozzle so that the starting shocks will be
swept rapidly downstream. (See Reference 10). An analysis of the starting
problem requires a compressible two-dimensional unsteady solution for which
no mathematical techniques are available. Some analyses, however, have been
made by meens of one-dimensional method of characteristics (Reference 10).
Our vacuum system is based on obtaining a pressure of approximately 1/2
micron of mercury in less than an hour. Pumping performance is indicated
in Figure 14. The system consists of a small rotary pumppus a 10" diffusion
pump with necessary by pass and valves. A safety check is provided on the
system by means of a relay for automatic valve closing in case of a pressure

rise.

h. Instrumentation

Initially “"standard" instrumentation will be employed for making
measurements. Both a erystal type (Kistler) and a strain gage type (Norwood)
of pressure transducer will be employed to obtain the stagnation chamber

pressure, Variable reluctance gages will be employed to obtain lower pressures.

15



Photographs will be taken of the luminous flow field by means of a Fastax
camera., This camera has been used to record at TOOO frames per second. It

will also be used for future schlieren pictures.

i. Diffuser

Initially the diffuser will be omitted (for economy). The advantages
of g diffuser apply here as in any blowdown tunnel. A conical section with
an angle similar to that of the nozzle will probably eventually be used.

It may be fabricated of a non-metalic material.

J. Power Supply

Genersl Scheme -~ The power source for supplying electrical energy to

the arc chamber is designed to store energy taken from the power line over
g time interval of approximately 20 minutes and deliver it to the arc
chamber during an interval of approximstely 5 milliseconds. This energy
will be stored by means of & d.c. unipolar generator and flywheel used in
conjunction with a large inductance coil. The energy will first be stored
in the flywheel over a 20 minute interval required for the flywheel to
reach & speed of 10,000 rpm; then it will be transferred to the inductive
energy storage coil over a 3 second interval and then transferred to the
arc chamber during a 5 millisecond interval. (Reference 1l1).

Allis-Chalmers Unipolar Generator, Flywheel, and Drive Motor - The

operation of the system is schematically shown in Figure 15. The generator

16



and flywheel are driven up to speed by the electric motor. Then, the

field of the generator is energized by closing Sl’ and the current builds
up in the inductance coil. At the instant of current maximum, S, is opened,
and the current is diverted to the arc chamber. The unipolar generator

has been developed by the Allis-Chalmers Company for applications requiring
very large amounts of low voltage d.c. current. For pulse operation, this
generator runs at 10,000 rpm and will deliver 500,000 amperes at 45 volts.
The generator does not use conventional brushes but uses liquid metal to
make electric contact with the spinning rotor. The liquid metal is an
eutectic mixture of sodium and potasium known as NaK which is liquid at
room temperature. The flywheel has a diameter of 26 inches. At 10,000 rpm,
the stored kinetic energy of the flywheel and generator rotor is 20 million
Joules.

Inductance Coil - The energy storage coil will have an inductance of

120 microhenries and a resistance of 47 microhms. The computed total
circuit resistance, including the internal resistance of the generator,
will be 65 microhms. This computation is based on published data
regarding the resigstance of bus bar connections and switch terminals. The
computed energy storage in the magnetic field of the inductance is 6xlO6
joules at a current of 315,000 amperes. This current maximum will be
reached approximastely 3.2 seconds after the current starts to build up
in the coil. There is some uncertainty regarding the time constant

of the field winding of the unipolar generator. The rate of field

build up is not accurately known under conditions where the generator

is heavily loaded, and if the field time constant is longer

17



than axpected, the maximmm current mey be somewhat less than 315,000
ANDETEE o
Figure 16 iz a plot of the generator current ag a Punction of time.
The first curve is based on the assumption that the field buils up time
is zero, whiie the second curve iz based on the assumption that the
generator fisld bulids up at an exponential rate with a time constant of
one sacond. The dotted portions of the two curves represent the circuit
behavior if the firing switch were not opened at the time of the first
current maximum. The electrical behavior of this circuit can be simplified
by replacing the generator and flyvheel with an eguivalent capacitance of
20,000 farads charged to 45 volts. This is a good eguivalent circuit for
situations in which the rise time of the generator field is not significant.
The frame for the coil will be supported by & structure of heavy oak
timbers. 4 photograph of this strueture is shown in Figure 17. Although
ﬁhe total weight of the aluminum cable is only 15,000 1lbs., the megnetic
forces on this structure are gquite large, and very heavy bracing is necessary
tc withstand these forces. The gluminum bus bars connecting the coil, switech,
and generator will have e current-carrying cross-sectional area of 4" x 20",

The coil winding will conslst of 26 parallel conductors of polyethylene-

%
LY

insulated gluminum cable., Each conductor is 2" in diameter and has a
cross-sectional area of 3,000,000 circular mils,.
Appendices 4 and B describe design criteria and method of calculation

of transient load current.



Switching - An optimum switching system for transferring the coil
current into the arc chamber will need to interrupt a current of 300,000
amperes and withstand voltages up to 20 kilovolts within sbout s millisecond
after the current is transferred. This 1s e very special switching require-
ment which cammot be met by commercially available switch gear. This switching
problem can be greatly simplified if the arc inside the chamber is initiasted
by a heavy shorting wire (bar) which bridges the electrodes during the switch-
ing process. However, the vaporization of a shorting bar adds a substantial
amount of contaminastion of the gas in the arc chamber, and it will be desirable
to develop a switching srrangement which will permit the arc to be initisted
with & minimm of gas contamination due to vaporized metal.

Present plans are to accomplish the switching in s 3-stage process which
will use 2 switches and & fuse all connected in parallel. The #1 switch will
be very heavy and massive and will carry most of the current during the 3
second charging interval. When this heavy #1 switch is opened, the current
will be transferred to a lighter, faster acting switch which will carry the
current for perhaps 1/10 second 80 that the heavy #lL switch has time to get
completely open and deionized. The relatively light #2 switch will be
opened by compressed air and by megnetic forces. It is expected that the
opening time of #2 switch can be limited to about 2 milliseconds. The #2
switch will be shunted by a high voltage fuse which will carry the current
for about 1 te 3 milliseconds before blowing and opening the circuit and

thus diverting the current into the arc chamber.

19



Opening a circuit of this type has been zccompiished at lower current
levels in previous work at the University of Michigan. This previous work
involved currents of about 5,000 amperes, and the fuse voltage would rise
to 50 kilovolts in less than a millisecond. The fuse element consisted of
a #18 copper wire inside a thick 1/4" I.D. fiberglass tube filled with oil.
It is expected that this fuse technique using multiple fuse elements connected
in parallel can be extended to the present application.

Under certain conditions the arc may not be successfully initiated in
the arc chamber. To prepare for this possibility, two safety precautions
are being provided. An overvoltage spark gap across the terminals of the
energy storage coil will be adjusted to breakdown and short-circuit the
coil at a maximum voltage of approximately 20 kilovolts. This overvoltage
spark gap will be of extra heavy construction so that the elctrodes will
not burn away if most of the stored energy is dumped into this arc. Another
hazard is that the stored energy may be dissipated in the fuse box, and
thereby generate a substantial explosion. The fuse will be located ingide
a thick walled concrete box filled with sand. One side of this box will
consist of a plywood panel which will break in case of an explosion and
vent the gas and sand outside the building.

The heavy #1 switch does not appear to involve any unusual design
problems. For the #2 fast acting, mechanical switch, a variety of designs
have been considered. After evaluating various alternative designs, it

has been decided to build this switch in the form of a metal disk which

20



forms a low resistance short circuit across the end of a coaxial line.

The shorting disk will be clamped in place by an explosive bolt assenbly,
and a 100 psi air tank will supply air pressure inside the coaxial line.
When the switch operates, the bolt explodes, and the sir pressure and
magnetic force accelerate the shorting disk forward. The air flow assists
in restraining the tendency of an arc to form across the switch terminals.

Sequence Timer - The firing of the tunnel will be carried out by an

automatic timing mechanism. This sequence timer will program the following
events: (1) applying pulsed pressure to the liquid metal (NaK) current
collector system of the generator, (2) energizing the field of the generator
to initiate the build up of current in the energy storage coil, (3) pro-
viding signals for starting recorders and triggering oscilloscopes,

(4) opening the mechanical switches in the charging circuit, (5) energizing
the suicide field reducing circuit on the generator, and (6) operating the
dump valve which removes the residual gas in the arc chamber after the

useful running time of the tunnel has been completed.
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APPENDIX A

Design Criteria for the Energy Storage Power Source - Choosing the

optimum design parameters for the power supply requires a knowledge of

(1) the smount of energy to be delivered to the gas, (2) the rate of heat
loss from the gas, (3) the efficiency of converting stored electrical
energy to internal energy of the gas, and (h) the voltage and current
characteristics of the arc as a function of gas temperature and pressure.
Reasonable estimates are available as to the energy requirements. Estimates
as to the voltage and current characteristics of the arc are based on extra-
polations of arc characteristics under substantially lower pressures and
temperatures. Because of this uncertainty, it is desirable to provide a
maximum amount of flexibility in the design of the power supply. Additional
flexibility will also be obtained by providing for possible modifications
of the electrode geometry inside the arc chamber.

The choice of design values for the power supply was to a certain degree
dictated by the characteristics of the Allis-Chalmers Model 2112 unipolar
generator which was the only suitable choice commercially available. The
generator peak current rating of 500,000 amperes places an upper limit on
the pulse current obtainable from the power supply. The flywheel kinetic
energy storage of 20,000,000 joules places a second limiting condition on
the design of the system. In considering the optimum design of the
inductance coil to operate with this generator, it was necessary to consider

the relative importance of maximum energy storage vs. maximum current.
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Calculations indicate that an energy storage of approximately 6 megajoules
in the coil at 315,000 amperes could be obtained with a total circuit(d.c.)
resistance of 65/wohms and an inductance of 120 xh. Of this 65/qohms total,
h?,aphms will be in the coil and the remaining 18 uohms is the estimated
resistance of the rest of the circuit including the switch and the internal
resistance of the generator. However, the internal resistance of the
generator is not known with any certainty, and if the actual resistance
should be in error by 10 or 20 gohms, the wind tunnel design objectives
could still presumably be met. On the other hand, a coil design which
would attempt to utilize the full 500,000 ampere capabili£y of the generator
would involve more risk because (1) the total circuit resistance would need
to be so low that any error in estimates would be very serious; (2) the
inductance would be reduced by more than 50 per cent, and this could not be
increased except by building a new coil; and (3) the time and cost of de-
veloping a 500,000 ampere switching system are substantially greater than
for a 300,000 ampere system.

It was decided to go ahead with the 300,000 ampere design and build
an inductance coil with a six-turn winding. If it is determined in the
future that it is very important to go to higher currents, then one or two
turns can be removed. Removing one turn will decrease the inductance by
approximately 30 per cent and increase the peak current by about 20 per cent.

If it is assumed that the arc load behaves as a linear resistance of
.02 ohms, the six-turn, 120 4h coil has a discharge time constant of 6x10'3
seconds. In the event that the arc resistance is less than the above figure

and the discharge time is undesirably long, it may be desirable to use a
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shorting switch across the electrodes to "chop off the tail" of the dis-

charge pulse.

Choice of Conductor Size and Coil Dimensions - The total weight of
aluminum used in the coil windings and bus bar connections was determined
from economic considerations and the law of diminishing returns. Because
of the very low duty cycle, the ohmic heating of the'cohductor is unimportant,
and the use of extra parallel conductors serves only to reduce circuit
resistance and increase the efficiency of energy transfer. The 26 parallel
aluminum conductors used in the six-turn coil weigh 15,000 pounds and cost
approximately $9,OCO° Extra expenditure to decrease the coil resistance
would have increased the energy storage and peak current capability. However,
the same increase in performance could be obtained at about the same cost
by increasing the size of the flywheel., The choice of 15,000 pounds of con-
ductor in the coil gppears to represent a reasonable balance between the
cost of the d.c. generator and the cost of the inductance coil as discussed
iﬁ Reference 11.

In choosing the type and size of conductor, a comparison of costs
indicated & substantial saving in using aluminum instead of copper. The use
of 2" diameter 3,000,000 circular mil cable is advantageous compared to the
use of a smaller size cable in that less space 1is lost in insulation and the
more compact winding has a higher ratio of inductance to resistance. Still
larger cable, up to 5,000,000 circular mils, could also have been obtained,

and this was seriously considered. It was decided that the increased



difficulty in handling larger cable and in obtaining terminations of
sufficiently low resistance would offset any advantages.

In order to minimize the high voltage insulation problem, all the
26 conductors haeve one common terminal on the inside (small radius) surface
of the coil and another common terminal on the outside (large radius) sur-
face of the coil. Aluminum clamping posts for terminating the inner ends
of the coil winding can be seen in the photograph Figure 17. For design
purposes, it is assumed that voltage spikes as high as 20 kv may be encountered.
The voltage between any two adjacent turns will be only 1/6 of this total.

An overvoltage protector spark gap will be used to protect the system
against excessive voltages. Since there may be arc-over conditions where
several megajoules of stored energy has to be dissipated, arcing horns will
be used to protect the gap from melting. The gap and horns will be located
so that the magnetic field of the coil will act to move the arc along the
horns. If preliminary tests indicate that an arc reaching the ends of the
horns does not have enough voltage to re-ignite at the gap, this design will
require modification.

The ratio of a.c. resistance to d.c. resistance of an inductance coil
can be substantially reduced by (1) enameling the individual strands of the
conductor, (2) transposing the winding in such a manner that all the parallel
conductors have the same flux linkages and hence the same %% during the
discharge. These refinements are of particular importance in the design of
60 cycle electrical equipment where the efficiency of power transformation

is important, and power loss presents a cooling problem. In the design of



the present inductance coil, heating is not a factor and the loss of
stored energy (of the order of 10 per cent) due to high a.c. resistance
does not justify the added expense of using enameled wire and transposing
the windings. Enameled aluminum wire costs two to three times the cost
of bare aluminum wire and the problems associated with transposing the
windings are complicated by the high magnetic forces on all the conductors.
The winding has a radial depth of 27 inches, an axial length of 31
inches and an average diameter of 120 inches. For a given length of wire,
the optimum geometry of a winding for meximum inductance is when the radial
thickness and the axial length of a winding are equal and 0.66 times the
average diameter. The present coil has an inducatance of 95% of the
inductance that could have been obtained by using the maximum inductance
geometry. However, the larger diameter design has the advantage that the
magnetic pinch force tending to compress the windings and stress the
terminals is substantially reduced. Also the a.c. resistance loss due to
parasitic eddy currents in the conductors is less than in the maximum

inductance geometry.
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APPENDIX B

Calculstion of Transient Load Current of Generator - During the

20 minute interval required to run the generator and flywheel up to full
speed, there is of course no electrical load on the generator. After

the desired rotational speed has been reached, the build up of current in
the generator and coil could be initiated by closing a switeh in this
circuit. However, such a switch would be very heavy and expensive and
would have significant resistance. Hence, it is advantageous to omit

the switch and initiate the load current by energizing the field winding
of the generat0r0>

The output voltage of the generator is given by the simple relation

E=XK¢n (1)

where @ = the total magnetic flux
n = rotational speed; taken here in revolutions per sec.
K = constant of proportionality

If the flux were to rise instantaneously, the voltage would be a step
function, and the circuit could then be analyzed as a function of speed
and current. In fact, under these conditions, the generator will behave
exactly as if it were a 20,000 farad capacitor, and the analysis follows
the conventional analysis for a series RIC circuit. Such an analysis has
been carried out and is plotted in the first curve on Figure 16.

However, the field windings are inductive, and when the voltage is

applied to the field winding, there is a time lag before the field current,



as the flux, reaches peak value. The exact manner in which the flux rises

is a difficult problem in flux diffusion through iron and other conductors.
The rate of flux rise is a function not only of the applied voltage but also
of the load current the generator is delivering. The manufacturer estimates
that the field will rise in the order of a second, although this has not
been verified experimentally for large load currents. This is not negligible
compared to the two second time constant of the energy storage coil. If it
is assumed that the field flux will rise on an exponential path with a time
constant of one second, the differential equations describing the voltage,
current, and speed relations are given below.,

Pirst, the loop voltage equation is

ai
L;ﬁwRiaKgISn (2)

and if it is assumed that

¥y (1 - e (3)
vhere % is the time constant of the flux rise, here taken as one second,
then by the conservation of energy, the total initial energy, W, at any
later time must be the sum of stored inductive energy, the integral of

‘the ohmic power losses and the remaining kinetic energy in the generator.

Thus
Wz;é'fLi2+fR12dt+% I WP (%)
vhere
w=2M"n
I - moment of inertia of the generator and flywheel.

Since the total energy is constant, the time derivative is zero.



Differentiating equation {4) after substituting in terms of n instead

of ¢« yields
aw ai w2 7o d
i - 0=L1i= 35 Ri+ (2%)°1In It (5)

Since the speed is decreasing {dn/dt< 0), the last term is negative,
which may be interpreted as meaning that the power into the coil, plus the
power into heat, is the power out of the generator. If the voltage equation (2)

is multiplied by current, it becomes a power equation alsc.

di
iLgz+1iR1=1iK ¢ n (6)

Subtracting (5) from (6) yields the differential relation between speed

and current.

1Kfn=-(2m° Ing'g (7)

or
5
. - {2m)° 1 an
1= K o’a'_'t' (7&)
If the flux ¢ is independent of time, equation (7a) can be
rewritten as

fiaw. =, (®)

and equation (2) becomes

di
La—€+Ri+%-—g—vr-—2W)aI/idt (9)

If the coefficient of the last term is arbitrarily written as

x> 1
L

(27)2 1
the relation to the standard RIC series circuit is immedistely obvious.

By way of comparison, the equivalent value of this capacitance is about



20,000 fareds. The solution of equation (9) is relatively simple.
However, if the flux is not a constant but is given as a function of
time as in equation (3), then while equation (T7a) is valid, equation (8)
is not. It is possible to differentiate equation (7a) and substitute
back into the voltage equation (2) yielding a single differential equation
in n. The equation, while linear, does not have constant coefficients.
To add to the difficulty, the singular points of the differential equation
are essential singularities, and, thus, will not yield to a power series
solution.
A numericel solution must be obtained, however, which yields the

current as a function of time. Using three equations,

di

L""" R -
et i=K¢n
-t
¢=¢m(l—'e )
2
and W=-2]:L12+R12dt+%1(2 )¢ n?,

& simultaneous solution for current and speed was obtained. The current
has been plotted in Figure 16. |

There is not much difference in the peak value of coil current
whether the flux rises rapidly or in about one second. The reason for
this is that most of the energy dissipation occurs when the current is
neer maximum value. During the time when the flux is low, the current is
also low, so that the net result is that energy loss is low. For example,
at 1.5 seconds, half the time to reach the peak current, less than 5 per

cent of the total energy has gone into heating. By the time that the
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current reaches peak value, about 60 per cent of the energy has gone into
heating.

If the assumption of a one second time constant for the flux rise is
valid, the time delay of flux rise is not too important. Its primasry
effect is to extend the time necessary to reach peak current, but it does
not cause appreciasble energy loss. If, however, the rise time is sub-
stantially longer, a high current switch between the generator ami the coil

may be required.
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