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APSTRACT

Expariments have been made in a 1% x 1Y ®blow dowa®
wind tunnel %o test the feasibility of using au electric
arc for adding heat to a Mach L aivstreanm. The are column
was stabilized transversge to the fLlow by means of a strong
magnebic field, end wp te 5 kilowatts of electrical powsr
were dissipated. However, uniform beating was not obtained,
because the arc had & strong tendency %o concentrate in the
boundary layer and appsared to £111 only about 1/2 %o 2/3 of
the tunnel cress sechion.

As a msans of civcumveniting these difficuvliies,
several albernative sleocitrical heating methods are proposed,
It is believed that these proposed methods hold much more
promise than the system which was tested,



INVESTIGATION OF HEATING OF ATRSTREAM IN A WIND TUNNEL
BEY MEANS OF AN ELECTRICAL DISCHARGE

I - INTRODUCTION

& wind tunnel capable of producing hyperseonic alr
flow ab much higher statlic temperatures than can be achieved
with present techniques would be possible if a satisfactery
neans could be found for adding heat to a supersonic flow.

An investigation of vhe use of an electrical discharge for
this purpose has been conducted as a University of Michigan
Resesrch Project sponsored by the fxtericr Ballistics Labora-
tory of the Army Ordnance Corps,; Aberdeen Proving Grounde



This project was administered through the Enginsering Research
Institute of the University, and ubtilized the facilities of
the Department of Electrical Engineering.

The first part of thls report describes an exper—
inental investigation of a particular system of electrical
air heating. During the course of this laboratory program
several glternative metheds for using an electrical discharge
wers proposed, Section X of this report outlines a variety
of these alternatives, many of which appezr to be much superior
to the method employed in thig investigation.

This research was an outgrowbth of a previous project
ab the University of Michigan sponsored by the 0ffics of
Ordnance Research. In the esrlier work, dealing with eleg=
trical wind phenocmena, 1t was shown that a diffuse discharge
capable of generating a high spsed air Llow could be obtained
by the use of a strong transverse magnetic field at pressures
of the order of 0,1 mm of Hg and lower. (L)* One of the

aims ¢f the present project was to evaluate the use of these

1e  Refersnces given in parsntheses can be found in the

bibliography.



technicuas for heating & supersconic flow in & wind tunnel
at static pressures of several millimebers of Hge

For the experimental phases of this projecht, a
small "blow down® wind tumnel was used and provided a

Mach b flow ab statlc pressures of about 5 mm of Hg. The

2o
test section srea was of the order of one square inchs
Up to 5 kilowatts of electricel power were put into a deg
discharge which was stablilized by & megmetic field trans-
verge e the alvstream, i.e., The discharge wendt Irom one
gide of the tunnel scross the flow to the cpposite azids.
The behavior of this type of discharge hag been investigsted
- for a variety of magnebic fisld configurations and strean
dengities. Fxperiments with a %pulsed® discharge were also
made in which peak currents of 1500 amperes were passed
throvgh the flow. 7The order in whieh waricus topics appear

2

in this repord corresponds roughly with the chronological

3

prder in which the work was done. Yhe resulis of this
invesgtigaiion ave presented in a rather descriptive fashion
gince the type of behavior which was observed did not

appear bo warrant a more anslytical study.
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A number of considerations are involved in the
choice of the air density which offers the most advanite
geous ccenditions for heat addition. At sufficlently low
gas densities the heat addibtion is much more diffuse and
uniforms however, an appreciabls fraction of the snergy
which is added to the gas does nob appear immediately as
thermal energys bub persislts ag excited and lonized states
of the gos molecules. This effect becomes more pronounced
at low densities., The seriousmess of this situation for a
pracbical wind tunnel application has not yet been deter-
mined. Appendix II ie a copy of a letter from Dr. We Bo
funkel of the University of California in which he dege
cribes some of the constituvents to be encountered in
these afterglows.

Appendix I is an analysis of the compressor
power requirements for a wind tunnel with supersonic heating.
This anslysis was made by Mr. James L. Amick under the
direction of Prof., James E. Broadwell., Mr, Amick is asso-
ciated with the University of Michigan Wind Tuwmnel at Willow
funy, and Prof. Breadwell is a member of the faculty of
the Aeronautical Engineering Department. The analysis
shows that the required compressor power 1s less 1f the

heat ie sdded to the airstream at low values of Mach number,



i.8.5 noar the front end of the tunnel where the gas den—
sity is higher, At these densitiesy, however, the problem

of obtaining a diffuse discharge becomes more difficult.
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¥ ~ METHOD FOR STABILIZING & dec ARC IN AN ATESTREAM

At gas densities corresponding to pressures of the order
of ten willimeters of Hg and higher, spproximate thermal equilib-
rium exisls between the electrons and iong and the neubral ges
particles in an electrical discharge, {(This sgituation is true only
for low velues of Efp.(1)*) The temperaturs of the plasma is high
enough %o produce thermal ionizstion in accordsnce with Sshals
aquation. The power input to the discharge is just enough to
balance the lose of heat from the are column snd to malubein &
high enough temperature %o provide the required degres of ionlza-
tlone

Under these conditions, an arc colum ssbablished trang—
verss o an airstrean will move downstream ab the same velocity as
the flow. 7The alr motion relative to the electrodes carpies the
heated gas with 1d, and the arc c¢olumm grows in lenglh as illug-
wrated in Fige la. There i@ no mechanism by which the sre can
move from the reglon of heated gas into the colder alr without
the setion of 2 megnebic field, When the arc gets oo long it
will extinguish because of losses resulting from 1is greater lenglh.
If the open cirecult wollage across the electrodes is sufficient 4o
bresak down the gap, the arc will re-ignite and will again blow oud

dounstresm, resulting in the unstable behavior indicated by Fig. 1lso

1) Referenes (1), po L, References given in parentheses cam be
found in the bibliography.
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An exception 4o this situwation exists when the spacing
between the electrodes is sbout the same as the cress section of
the arc, This occurs abt low densities where the size of the dig-
charge becomes very large. Under such conditlong, illustrated in
Fig, lb, the voltage gradient along the leading edge of the are is
sufficient to produce the required amount of ionization for the
gre to exist in a shtable fasghion transverse to the alr flowe

When a magnetic field is established at pright angles to©
the cuwrrent flow in an electrical discharge, a force is exerted on
the charged particies. The magpitude and direction of this fowves
ave given by: Force per uvnit volume = J X B, where J 1z the cuy—
went density and B is the magoetic finx densiiy. Thie magnetie
force causes a d-¢ arc to move in a divection perpendicular to
voth the magnetic field and the current flow, With a sufficlently
strong fisld, an arc can be made to travel ot gpeads of several
thousands of feet per second, It can be shown that uwnder these con-
ditions the alr which is intercepted by the arc coluwm Iz nob
heated to the temperaturs required by the Saha relation {even at
pressures as high as one atmosphere). Thus, the megnetic field
forces the arc to move throuph essentially cold air, and in so
doing, raises the air temperature only a few hundred degrzes
Kslvin instead of 5000 or 6000 degress which would cceur if thermal

squilibrium were established.



One of the objectives of this ressarch program was o
investigate the use of a magnetic force to stabilize the position
of a d~¢ arc across a supersonic alr stream. In the wind tumsl
application, an arc would be established transverse to the air £flow,
and & magpetic field weuld be orismbed to produce & forcs on the
charged particles directed upstream, In thls way, the asrodynamic
forces tending to move the discharge dowmsiream could be approxie
mately balanced by the magnetic force.

For this situvation, the magnetic force impariz & com~
ponent of upstream drifi veleocity to the clectrons and the positive
iong in the discharge. This momentum ig communicated to the neu-
tral gas molecules, and has a tendency to slow down the aler £low,
Howevery at several mm of Hg static pressure this upstveam force
is very small and the momentum of the flow is reduced by z negliew
glble amount. The ilonization is a fraction of one percent, and
only ome-third of the directed kimetic energy of the ions is
transferred as directed kinetic energy to the gas parbiclea, (L)
The other two-thirds of the lon energy appears as random thermal
ensrgy in the pgas. At extremely low gas densities, however, the
sitvation i quite different and the magnetic force on the ions

can be effective as & means for generating a wind. (2)(3){L)



TIT = APPARATUS

The major items of equipment and the instrumentation
employed by this project were avallable in the Depariment of
Elpectrical Engineering of the University. They censlisted essen-
tially of vacuum equipment to operate the blow down wind tunnel
and electrical apparavus for producing the air-heating discharge.

A stesl tank measuring 287 x 30" x %% (a volume of
about 47 cubic feet) provided the wacuum reservoir. A Kinney
type CVD-556 mechanicol pump was used to evacuate the tank, 1%
bhad a2 capacity of aboub 15 cubic feet per minute snd could pump
the tork down botween rumg 0 & pressure of less than a willimstsy
ia about 20 minubese

Dry nitrogen was used in the wind tunnel for mosbt of the
bigh power heabing ezperimentss although room air was empleoyed
extengively for preliminary tests: Nitrogen was used girce an
alectrical dischavge in adr forms various oxlides of nitrogen which
will quickly deterlorats vacuum pump oile. For most of the tests
the nitrogen was supplied at atwospheric pressure frem o large
neoprene belloon supported at the top of the brass tube which cen
be geen on the wight hand side of Flg. Za

Pregoure measuvenents constituted the primery method of
ingstrumentation. For pressuves of a few centimeters of Hg and
less, an Alphatron londzation gage made by the National Hesearch
Coo was ugeds For higher pressures, mercury nanometers wers ome

ployed, the closed end variety being quite ssiisfectory for total



head pressure neasuremsnds.

The other major plages of eguipment consisted of u mage
net, the magmel power supplys; and two high voltage power suppliese
The magnet was desglgued for intermitient operation and could proe
duce aboubt 600C gauss in a four inch air gap (elght inch diameter
pole pleces)s Tapersd pole pleces wers also used and resulted in
& substentially higher field strength over a thres inch dismetsy
area. Fig. 2 is a photograph of a typleal experimented ssteup
with 2 tunnel in place beltween the pole pleces of the magneb.

The power supply for this meguel could deliver sny desived curzent
up %o about 300 amperes {(at aboul 75 wolbs).

One of the high voltage power supplieg was a 10 kllowati
varize controlled supply which could provide a 12 kilovelt oubpul.
The other power suppiy had a 5000 welt output bub could deliver up
0 30 amperes for shordt intervels. Verying amounts of &sries
regigtance and inductance wers uzsed with these power gupplies Yo
provide a steady arc current of any desired value,

The wind tunnels used for aly heating tests were con
gtructed in the mochine shops of the Blectrical Enginsering Depl.
They were made ss simple ag possible and yet provided for a wide
varviety of tunnel and electrode configuretiong. The flow in the
test section of the tunnels had a cross section of the crder of
one sguare inch, A variety of different tests was made ab Mach
numbers verving from Mach 3 to Mach S

For the tunnel desgign used mogh extensively, the tunnel






Figo 3



had a rectenguler cross sechlon with two stralght perallel sldes.
The cther two sides diverged ab aboul 139 ipelundsd sngle forming
a wedge-sheped nozzle, An exzwple of this type of tunnel is

shown in Figs, 2 and 3. Straight sides were ussd in the nozzles,
resulting in radial flow at the exit, 4As far ag the alx heating

2

ezperiments wore concerned the radial £low appeaved o be of usp

@

consequence and the simplicity of gbreipght sides was o great cone-

venlence in construchtions



IV - UGONTOUR ELECTRODEY TUNNEL

A giwmple grrangement for establishing a d-c gxrc in a
supersonic flow is 1o use the two diverging contours of a wedgs
nozzle as the are electrvdes, This arrangemsnt bhas proved rege
sonably satisfactory end was used extensively in this investigae~
tione

The detalls of a tuwanel of this {ype can be seen in Fige
3 which is the same tuvanel shown in Fig. 2 with the top cover rom
moved, It was designed go that & wide variety of "contour elecs
trode? geomebries could be tested without having to alter the
bagic tuanel structwre. The structural members consisted essen-
tlally of two side reils running the length of the tunnel, They
were braced at the front end by o brass crogss-piece which supporied
the inlel tube, and were secursd Lo the vacuum flauge on the douns
stream end by means of two brass plaites. U(me side rall wag wade
of a dielectric materisl (phenolic laminate) to simplify the eloge-
trical insulation probiem. Thin rubber gaskets on thess members
provided a vecuum zeal when the top and botiom cover plates were
bolied together as shown in Fig, 2.

The tuo parallel interlor walls of the tunmel wsre made
of a dislectric material so as not to short clreult the contour
elecirodes, Pyrex or Vysor glass {Vycor contains a high perceni
age of fused quarts) were used for these walls in order to withe
stand the heating and also provide visual observation of the

discharge. The separation between these parallel gless walls
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wag ugually one inchi however, it was cub 4o one-half inech in
mony instances in order to reduce the mass flow and provide
Jonger ruoning times. When the one=half inch spacing was used,
ag ghown in Fige 3, the immer glass plates were not fitted in a
vacuum~tight menner, BExperimentally, it was found more convenient
o use additional cover plates of Plexiglese oubtside of the Pyrex
or Vycor liners, and to make the vacuum seal betwsen the Plaxim
glass covers and the gide railss

In this type of tummsl the heat addibion took place ab
the nozzle exdt which in all cases was 2bout one inch wide, Dowe
suresm from the nozzle and the discharge region a wide wariety of
configurationg was used. These contours ranged from a two inch
congtant area section and edjustable second throat to & drastically
divergent sechion. For the tvnnel shown in Figs 3 a divergent
goometry was used, followed by & 2light constriction to ald in

pregsure recovery and iuncressse ruoning tims.

Aerodynamic Measurements

Prosaure Messuremenls « Static pressure measurements

wore uped extensively to determine the flow conditions in the
tunnel, When different conbours were first tested seversl pres—
sure checks were made to insure that the tunnel was functioning
properly from ac aerodynamic standpoint before the heating dis-

charge was operabed.



For goversl conbours o series of stalic prossurs woasure

.

2d1s

£

perts was gwade ot varlous stablons along the nozzle we AL of

these resdings agreed reasonably well with walves calevlsted from
the orsa rablog, assuning lsentropic eXpangion and novevigeld

flow, With a theroalt spscing of 0,000 inches, the calculiated Mach

nurber ab the noszle exit was h.2. while & typleal valus of moap-
ured Mach nomber was W.0p indicating the formation of & mederate
amgunt of boundary lsyers

Statle and irpact pressures were also messuved in the
center of the £flow by mesns of probes locabted abous 1,2 inch
dovnstrean frow the nozzle exld as shown in Filge 3. These probes

Pyrex tubing. The heed of the

3 9

wers wade fvon thres aillimeter
static pressure probe was & brass needle aboub 3/ inch long and
0,066 dnches in dlemeber with zoverel small holes Jovated halfwey
down 1ts longth. Typlcal values of static and impact pressure
ware 4.0 and 89 wm of Hg, respectively, which apvesr to be in faip

prgement with calewlated values for a Mach leplue flow,

Shadowgraphs o - Shadowgraph techniques weve tried a8 o

means of instbrumenbetion of the initlal tunneld desipgns. In

these testy the separation bebtween the parellel sides of the tupe
mel was one ineh and pleces of high quallty opticel plabe glass
wers clampad outo the gide ralle instead of the Plexiglase cuver

plates ghowm in Flge 26

A& 25 wakt Weshern Undon concentrated ere Light with s



gpob dlasier of 0.029 inches was used as a lighb source. The
besh resalis were obbsined wibth divergent 1Lishi, and the Fpoint
source® lonated gboul thres feet from the tumneld., Jsverval ubbewmpbts
were madsa to use a good guality lens Tor obbalulng paraliel light,
bt the rezulis were less ssbiafactory than with the divergend
Iighta
Figs b 13 & shadougraph of the shock wovs Lrom & T

half-angle df}ﬁ%}l@ wodgs. The wedge was supported from the downe

stream end by & 0.42 inch dlametver rode The wedge span was aboulb

v

3/l of an inch, and thus, ¢id nob extend all the way bo the bop

€2
f::

3.

o bobbon of the tuanel. In these tesbs one conbouy of the Lest
saction was a conbiouation of the straight nozzle well while the
appoglte contour wag curved ab the noszslie @xid 8o as be parallsl
to the shraight side, thus forming & congbtant srsa secbion with a
1% x A% cross sectlon. The fvansition from the diverging nosslie

»

o the parallel tesh sectlion contour can be sesn in tue vpper
120t of Fige le

Very high copbrast £1ilu and developmentd were used Do
making the shadowgraphs. Cwszmﬁmmlm the T {contrast radic)
in Plg. b is abowul three or four times normel. This has the effash

2

of emphssizing the siighl imperfecilons in ths plate ;

&,
&
@
@
g
’%,

andd the presence of diny dust specksi howsver, it bringa oub dee
Paily whieh cannot be sesn visvally.
Thiz shadowgraph 1llustrates several featurss of the

flow whileh were encountered in & tumel of this size &t thess






Hoch puabers. A strong bow wave Drom the wedge can be observed
which emls abruptly a short distance from the walls of the tumnel,
probobly due to the presence of a moderately thick boundarp=laysre
On the straight side of the tupnel, nobtlceable boundary-layer thicke
ening can be seen. This may be due to a zombination of the bougdarys
dayer shock weve inberaction from the bottom of the wedge and o som-
pression wave fyrom the turning of the flow just shead of b, A
meagurencnt of the shock angle indicated & Mach number of 3o0l.
Statle pressure measurements Just ahead of the waedge indicated z
Mach number of a little less than Y. This disagreement probably
indicates & reduction in Mach number in thie region dug to two sebg
of conpression waves: those originating from the change in tuwansl
contour &t the end of the diverging ncszle, and those caused by the
poundary=-layer thickeninge

Second Throat « The first tunnel designs had a two inch

dong constant area secitlon followed by an adjustabls zecond throab,
In prelivinary tests, placing oven a small wedge o prebe in the
eonstant arca test section caused a very large increase in the statle
pregsura. Since this appeared o be 2 consequencs of cver—gongtric-
tion of the second throat, measurements were made om the effect of
varying this gpacing.

With the pressure ratics obtalnable, supersonic flow

could not e established with a second throat spacing less than 0.5 inches.

When the spacing was 0.55 inches, the rumning time was 20 seconds; however ary



Y

wedge or probs in the test sesction would break up the flow. When
the second throat was opened up all the way (1.0 inches) so thatb
a straight section of about 6 inches followed the nozzle. the
running time was reduced to 5.5 seconds, but sufficiently smail
obstacles could be iolerated without vwpsetting the flow. In all
of these tests, the static pressure, measured at the nozzle exii;
was very congistent and varied only one or two tenths of a millile
weter for different second throat spacings. Sinee a few seconds
of running time was considered sufficient for most of the slectyie
cal experiments, the second throat was eliminated in all subsg-

quent tests.



¥ - APPEARANCH AND DEHAVIOR OF & d-c AHC
IN THE PCONTOUR EIKCTRODE® TUNNEL

With a megnetically stabilized are in the sconbour
glectrode tunnel, several general observations lmmediately begoms
apparent. The most obvicus characterislic is that the dischargs
has & strong tendency to crient itself slantwise across the bune
nels The cathede end of the arc alweys tende to be dewngbream
from the anode end, The upstrean boundary of the discharge is ab
an angle of from 20° to 70° to the direction of the air flow, dew
pending upon experimental conditiona.

Another more important observation iy that the are has
a very strong preference for the boundary layer reglon. The cross
gection of the arc columm is not round, but is thres or four times
greater in the dimension parallel to the flow than in the bLransverse
dirsction, It appears as a wniformly bright sheeh located edjscent
to ong of the dielectric walls of the tunnel, The discharge is
prebably initisted in the boundary layer and then grows oub into
the higher veloclly flow az the power and diffusivity are increased.
Slight changee in the thickness of the top or botbom boundary layer
or in the ovientation of the magnetic field maks the discharze Jump
from one dielectric wall to the other, There are two ressons wly
the arc has a strong preference for the boundary layer, First,
the gas denaity in the boundary layer is less than the frec sbream
density by a factor of two or three. Secondly, the healt loss Crom
the arc column, and consequently the enerpy requiremsnis, are leoss

in the boundary layer because of the lower velocity flow.
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The most obvious effect of the magnetic field ie the
force that s exerted uwpon the charged particles, This enables
them Lo ccunteract the wind forces and when these two forces are
made to balance approximately, a stable arc can be established
across the stream. With a2 sufficiently strong masgnetic field, en
th2 other hand, the discharge cen be made to move upstream and
rigot through the throat. Strengihening the magnetic field tends
to straighten out the skewed orientatbion of the arc columi how
gver, this action can be carried only so far before the greater
field strength drives the discharge too far upstream., A strong
magnetic field also tends to increase the diffusivity of the digw
charge, thus improving the uniformity of heating. It appears
hignly degirabie to use as strong & megnetic field ag possible
consigbent with stabie operation.

It ghould be noted that without a magnetic field the
discharge ir completely unable to withstand the action of the
wind, It irmsdiately blows out downstream gnd will prefer a path
& foot or mors in length rather than cross one inch of high
veloclty flow,

The magnetic field can also be oriented parailel o the
applied electric field instead of itransverse to 1t as in the situs
tion described above, In this case the arc colwm tends 4o be
sollimated along magnetic flux linesi however, the aerodynamic

forces on the discharge cause it to angle off in a slantwice
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manner and thue cub across the magpetic fluwt linss. Vhen this
happens there is a componeat of current flowing a2t right angles b
the magnetic £ield which glves rigze to a magnetic forve on the ars
in the J x B direction in the same manner ag described above. Thig
malkkes the ave deflect towards one wall of the twnel and resulte in
an inherently skewed orientabion. The paraliel nagnetle field doos
not appear to have any significan?® meridt as far ¢s stebllizing a
dischargs in a high velocity fiow is concerned,

Increasing the discharge current tends te make the are
colum grow in gize and thus £ill more of the tunnel wroge section.
It is difficult to cbiain a pgood estimate of the size of the are
because of the skewed orlentation whick it assures. I ope case
a four kilowatt discharge carrying 10 amperes appeared to fill
about three-fourths of the tumnel in the Mach L reglon, and was
erossing the tunnel at aboub a L5° angle. The separation between
the parallel tunnel walls was 1/2 ineh and the dewnstream conbour
was highly divergent, as shown in Fig. 3. The appavent size of
the discharge columm was probably misleading, since high spsed
motion pictures (to be deseribed later) indicate that the posibion
of the arc column was fluctuating repidly, creating the iluwpression
of greater diffusivity than actually exlsted.

Increasing the current begyond a certain level, howavery

appears to increase the current denaity. This gives riss to more

inbtenge heating. It also increases the effective magnetic force
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on the arce, ihus causing it bo run upsiream, Soue corpensation
can be made by decreaging the magretic field: however, if the
figld is decreased too mmchy the discharge le gpt to hlow out
doumsireanm, If the power is increased beyond the L o 5 kilowalt
devel, in the conbtour elsctrods design, an uwnstable condition
ariges whers the discharge either rung up inbto the higher densiby
flow just below the throat (where 1t constricts into o very smell
channel),; or blows out downsgbrean,

With an irerease in power it was found necessary to open
uwp the twmel contours dovnstresmfrom the hesting sectbion, iu oxder
to prevent the tunnel from Ychoking®. In one degign & 1% x 1V
consbant aves section aboubt one inch long followed the nozzle.

The flow in this section was aboub Mach L and the mass flow was
approximately 10 grams/sec, When L8 kw of power were pub inte
the are, a uwniform discharge was obtained which £illed aboub half
of the tuunel cross secticon and did not appear to upsset the fiow,
However, when the power was locreased beyond this level, the dip-
charge beceme much mors brilllant end luminous as is characterictic
of arce at high pressure and temperabture. The stabic pressure in
“the constant area section also Jumped from aboub 5.5 rm of Hg o
zbout 35 mm of Hg., Thesc effects appearsd to be the resuld of
exceossive heat additlon in the constant area sectlon mnd & resulb-
ant choking of the flow,

In Appendix II¥ the amount of heat required to chokte the
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flow wnder these conditions is caleulated based on cerhain idealisze:
agsunptions, It is shown that in =z constant arez section the addies
tion of 2,16 kilowatts of heat to the ailr stream will hring the flow
from Mach L to Mach 1. The experimental observation that supergonis
flow wazs still present even though the amount of electriecal powsr
into the arc was theoretically more than sufficlent te cheoke ih@
flow appears 4o indicate that a2 substantial amount of the added
energy was going to the tunnel walls or being carried downstream
in the form of excited and ionlized molecules, Howewer, it is
gignificant that adding a sufficient amount of energy to the flow

;g the econsbant area section did choke the tunnel,

In order to aveid this conditiong the tunnel eross
section was opened up by a considerable amount downstream from the
heat addition section, as shown in Fig. 3. When the Lighly diver-
gent conbours were used ab the nozzle exit the choking tendency
dld not appear to be present; however, the running tire wag re-—
duced to aboub for or five seconds.

In general, pressure measurements made while the heating
discharge was operating were less consistent and gave higher read-
ings than without the discharge, The amount of the pressurs in-
crease was of the order of 10% and was roughly preporticnal to
the power inpub. HMeasurements made in the heating region were
quite erratic, since the discharge did net £ill the whole cross

gection of the stream, and the incresase in pressurs was usvally
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eonslderably higher than observed eloevhere, An inoraase ms

u

alpo observed in the static pressure measured ab a poind slightiy
wpstrezn fron the discharge. This was probebiy causged by & albage
$lon similar to boundary layer shock wave interactlion in which the
are produced adiscontinailty in the flowe

Fr

It was dif2icnlt Lo obbain reliable pregsure mesgors

becauss of the short ronning ¥imes invelved. Swmelld belss snd oo
lation had to be vsed, and ab these low pressures the time reguired

for the asystem to reach eoguilibrium was aboub the same as the la

of the mme Yosh reedings wers only & rouvgh indleavion ef the prog
sure since trae equilibelum was never actually veschsod.

Moasyrenments made by the pressurs probes domstrean Drom
the discharge were alzo srpablc, but tended to be mwre songlstent

B4

in the discharvge region, %hy downetresa

than measurenents mad

.n

5

shatic end lupact pressures both shoved the same gensyal incresss
oboerved wpsbreams however, the ratico of impasct o astatic pregssurs
decreaset glishitly. Desed upon bthe PBayleigh relabion, this wlle
sated g moderate lowering of the Mach number downzbtresn from the
arc, Highly divergent conbours, as shown in Flg. 3, were ased in
these tesba, This addivional expansion prevensed the large dee
erease lu Mach puwber which would have been experlsneced bad & cone

stent ares sectlicon been used,

Prezsure readings tsken while the dischaxgs

were considared 40 be of Jimited walne, Withouwh wniform hoatdr

el

there was undoubltedly conslderable turbulence din the flow, Thiw
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aopears to be substantisted by the errabie pressure vaviations
which were cobserved experimentally. The reilo of impact to static
pressure provides an indication of lMach number. However; in order
to determine the other flow parameters, a third indepemdent

magsurement is necessary, since the bLotal energy of the air strean

has been increased by the heat addibion.
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VI - BEXPERIMENTS TO IMPROVE DIFFUSIVITY AND STABILITY
OF ARC IN BCCONTQUR ELECTRODE® TUMNEL

An dmportant requirvemont of any air heating system is bo
add the heat wniformly throughout the cross section of the flow in
order to minimize inhomogeneities and turbulence. The major objso
tive of this investigation was to obltain a digcharge of sufficient
diffusivity to meet this requirement of uniform heabing. 4 furtier
goal was to devise a means for astabiliszing the posltion of the ave
and correcting the skewed orlentation. Moab of the experdwental
work on this coniract was direcved towards a solution of these

$wo problems.

Experiments at Reduced Gas Dengities

Previous work at the University of Michigan hag shown
that a diffuse discharge can be maintained in a high-spesd alye
ghream at densities corresponding to a static pressure of & Lo
tion of a millimeter of Hg and at temperatures of mapy hundreds
of degrees Centigrade. In the present wind tunnel situation, the
very low strean temperature makes the density greater than wonld
seem to be indicated by the static pressure, This density correg—
ponds to & room temperature pressure of many rillimsters, and ume
dor these conditions the discharge tends to he far from diffuse,

&n obwvlious approach to this problem wag to decrsase the strean
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density in the dlecharge region 4o sbbain the desived diffueslvity.

Several different experiments were conducted with thic
goal in mind., The parameters which were varied were the Mach num-
ber (area ratio), the initial pressure (po)s, and the initial bem
perature (To)e The flow conditions in the tunnel were determined
from static pressure measurements made without the discharge
running,

Increase in Mach Number - The simplest procedure for

obtaining & lower stream density was to increase the Mach number

by narrowing the throat opening. Tests were made with the throat
spacing varied between 0,1007 and 0.022% with the tunnsl shown in
Fige 3o Table A serves to swmmarige the resulis of these earpsrie-
ments, It gives values for a caleculated Mach number and a meas-
ured Mach number, The caleulated Mach number was hased upon the
measured area rablo and the assumption of isentropic inviscid em
pansion, The so~celled measured Mach number was derived from the
measured static presswre at a point just forwerd of ithe nozzle exii,

also assuming isentropic expansion.

TABLE A
Throat Caleulated Measurad
Width Mach Number Mach Number
(. 100% 309 3.8
0,080% boR 369
000‘5@“ L!-og l&oz
0,0L0" 5.0 Lho8

0,022¢ Go7 ho9

e
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in sxamination of these data shows that the discrepancy
between measured and calculated Mach number was appreciable when
the threat spacing was decreased below 0,060%, Excessive bound-
ary layer thickening at the higher Mach numbers was belleved to
be the explanation of this discrepancy. The effect of this bound-
ary layer growth was probably asccentuated by the elongated roctans
gular cross section of the nozzle exit (1" x 1/2%), Measuremenis
of the static and impact pressure with the preseure probes Jusd
downstreamfrom the nozzle also confirmed this general behavior.

An attempt was made to reduce this boundary layer forma~
ticn by increasing the Reynolds number, This was done by increas-
ing the initial pressure (po) and expanding %o an even higher Hach
number. With the pressure regulator available, it was possible
approximately to double po using the same throat widths as listed
in Table A, These experiments were even less fruitful than the
tests in which pg was atmospheric, and when only the arsa ratio
was variedo

The few electrical tests that were mode in a higher Mach
number flow appeared to confirm the agsumption of excessive bound-
ary layer thickening, Although the discharge was noticeably more
diffuse, it had a very strong tendency to remain close to the

dielectric boundaries of the tunnel.
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On the basis of these tests no further atiempts were mads
‘o obtain a lower density by increasing the Mach number., For thase
experimentg, it did not appear feasible to expand beyond a Mach
pumber of about L since the boundary layer beginsg to occupy an
objectlionably large percentage of the flow, A thick boundary layer
is very undesirable in this application since & d-¢ discharge has
such a strong tendency to localize in this region. Further, the
decrease in gas density which is obtained by increasing the Mach
number becomes less pronounced, since the rate of clange of density
with Mach number becomes lower for Mach numbers above aboub L.Se

Decrease in Initisl Densi@x —~ Tesbte were made in which

‘the gas density in the working section of the tunnel was reduced
both by deereasing the initial pressure (po) and increasing the
initial temperature (Tg). Pressure measvrements, without the die-
charge running, again were used for determining the flow conditions,
and a throat width of 0,080" was employed in most cases.

The initisl pressure in the settling chamber could be
reduced by throttling the inlet valve of the tunnel. It could
be lowered to about half an atmogphare before the running time
became excessively short.

A small elactric furnace was used %o heait the air enteye
ing the twinel. It was constructed from heating elements taken

fron an slectric range and placed in a large ceramic cylinder
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abouit 10 inches in diamster and two feet long. Small bricks and
pieces of brass were also placed in the furnace to help increase
the thermal capacity and to baffle the air around the heaters., A4
small iron-congtantan thermocouple was used to measure the tempera—
ture in the settling chamber of the tunnel. Very fine wire (3-mill)
and a sensitive millivoltmeter provided a rapid responss. This
arrangement. was callbrated with a conventional potentiometer
bridge in order to compensate for the current drawn by the willie
voltmeter, With this arrangement it was possible to double apyprogi-
mately the absolute temperature of the gas in the settling chamber.
The essential results of these tests are summarized in
Table B, It is interesting to note that, based upon pressure
measurements, the measured Mach number was not significantly

affected by these changes in density.

TABLE B

Throat width = Q.080"
Calculated Mach Nos = 4.2

Initial Conditions

Measured Caleulated
Pressure Temperature .
T __Eﬁqﬁmmumm Mach No. btreaz/gsnsxgz
740 300 309 3.5 x 16“%
300 300 307 107 x 1077

740 545 3.8 1.8 x 1072
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At these reduced densities,; the discharge was noticeably
more diffuse, and appearad to occupy more of the tumnel cross sz
tion for the same current., However, the arc always clung to the
dielectric boundaries and spread upstream and downstrsam to a much
greater extent than at the higher densities, It still showed wvory
little tendency to move into regions of higher velocity flow.

At the lower densities bhe arc colum was not as brighb,
and apparently had a much lower current density. It was possible
tc use a stronger magnetic field and there was less tendency to
localize near small imperfections in the walls. The voltage drap
across the arc was also lower. Thus, the energy lvoput per unite
yolume was considerably less than at higher denmitises. This wes
desirable, since it tended to produce a less abrupt change in the
stream propevrties and thereby reduced turbulence effects and the
tendency toward flow=choking, dJust as at higher dengitiss, the
arc became unstable as the current was increased beyond a certalin
values The arc column also had the same slantwise orlentabiong
however, this was less necticeabls since the ave ewbepded farther

along the length of the tunnel,

Nitrogen Afterglow Considersations

An important factor to be considered when operating an
arc in low density alr or nitrogen is the formation of excited

or lonized molecules that persist for long intervals of time.
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A% a failrly high pressure (a substantial pert of an abmosphere),
the percentage of ionized and excited atoms, for a given gas, ia
a funchbion of temperature and pressure only, asg given by Sshals
equation, There is no significant persistance of ionized or
excited states after the temperature has decreased, while at lower
densities a discharge in nitrogen resulits in energy sbsorption in
various metastable states., These excited molecules can parsist
for objectionably long intervals before the energy appears as ther
mal energys or is radiated as afterglow,

Appendix II is a copy of a letter from Dr. W. B. Xunkel
of the University of California which gives some ldea of the com
plex situation encountered in connection with afterglow effacts,
Dr. Kunkel has studied activated low pressure gas strsams &3 &
means of "flow visuallization® at very low densities,

In the air heating tests made on this project there was
a pronounced increase in the amount of afterglow which could be
noticed at the lower densities. Under some conditions a trall of
reddish~brown afterglow could be seen blowing out downstream firom
the discharge. The ease with which it could he obuerved even
though next to & highly luminous plasma was a good indiecation of
its strong intensity. On one o¢casion, the laboratory was dapie
ened and the interior of the vacuum tank was observed bthrough the

plate glass window which covered one ead of it. With the
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discharge running, a2 jet of greenish-brown afterglow could be sesn
entering the tank and diffusing throughout the interlor.

The effects of an activated gas in a wind tunnel sltuation
have yet to be evaluated, Experiments by Raylelgh and others have
shown that the energy which an exclted gas can deliver to & mestal
surface may be as high as 22 calories per gram of the gas. (5){(8)

It is not known how serious this delayed heating may be or how

long it will persist in the airstream.

Experiments to Control Orientation of Are

Different techniques were employed to improve the sbability
and to correct the skewed orientation of the d=¢ arc in the contour
electrods tunnel., From visual observations, the discharge appeared
to cross the tunnel at an angle of 20° to 70°, and the problem of
establisghing the correct orientation al first seemed 4o be one of
controlling the locatlons of the cathode and anode ends of the ave
colurmn. The best way o accomplish this was by proper menipulas
tion of the magnetic forces on the arc, although dielectric
barriers and other devices were also used.

In & number of experimentsz the magnetic fieid was made
more than twice as strong on the cathode side of the tunnel. FEven
with thia increased magnetic force on the cathode end of the are,
there was virtually no change in the slantwise position of the

discharge,
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In other experiments, the magnetic field adjacent te the
ancde surface was decreased by means of an iron inzert, fitted inteo
the electrode as can be seen in the lower contour in Fig. 3. The
iron had the effect of by-passing megnetic flux which otherwise weuld
be present neay the anode surface. Although the iron produced only
a moderate improvement in the skewed orientation of the are, it was
quite effective in preventing the discharge from running too far
upstream, Thus, it was possible Lo use s sironger wagnetic field
and higher currenis, and to fill s larger crose section of the
tumel without having the discharge move up into the throat. Larger
ingerts than shown in Fig. 3 were also used, bub there was no
noticeasble differsnce Letween the various sizes,

In general, a stronger magnetic field temds to inerease
the diffusivity of the arc, and also helps 4o straighten out the
angle at which the arc crossses the tumnel. Since the reduction in
magnetic field due to the iron ingerts tended %o limit the are from
running too far upstream, it appeared that a properly tapered magnebic
field would stabilize the are in the nogzzle exit.

This spproach was tested with the arrangement illustrated
in Figo. So Large iron inserts were placed in the brass centour
blocks so that forward of a point about 1 1/2 inches from the nossle
exlt the contours were esseatially all iron. Thils iron short=circuited
the magnetic fleld around the tunnel opening and thus effectively
removed the megnetic force from the arc columm wien it moved upstream

into the region of the iron contours. Fig. 5 (b) is »n sketch of the
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section through the twnel at A--A and shows the relation of ths
ivon inserts to the tunnel opening and magnet pole plsces.

The approximate configuration of the magnetic flux lines is also
shown in red. For these tests the separation betwsen the parpllel
glass tunnel walls was 1/2 inch,

Electrical tests with the tunnel shown in Fige & wers
very vneatisfactory., The discharge pressed very hard against the
dielaciric walls of the tunnel and formed an axceadingly intense
hot channel. For the same power input it tended to burn the Pyrex
glass much more quickly; and as the current increased, it showed
no tendency to extend into the flow. Even at lower gas densities
the discharge was very oright and hugged the walls., At no time
did it occupy more than about 1/h to 1/2 of the tunnel cross
section, even with currents up to 15 amperes., Any effectiveness
of the magnetic barrier was lost in this strong tendency to cling
to the sides of the tunnel.

A probsble explanation of this behavior can be described
most easily by comparing it to the situation sketched in Fige 6o
In this cass, the contour elecirodes were mede entirely from
brass, and iron rods 1" z 1% x LY were placed above and below the
tunnel ag shown, The approximate shape of flux lines is sketched
in ved in Fig. 6 (b). A comparison of Fig. & (b) and Fig, 6 {b)

shows that the fringing of the magnetic field inside of the tunnel

is essentially opposite for these two cases,
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The behavior of the discharpe ln the tunnel sketched in
Fig. 6 was moderately good. Mosb inmportant, it did not press againzt
the glass walls and in some instances 1t even appeared Lo be a shord
digtance out into the tunnel. With 5 amperes the arc column appeavsd
to be sbout L/ imch in diemeter and had a smeothy cylindrical sppsare
ance. It was not excessively bright end appsayed very steady snd
uhiform, Albthough it was always near the top or botiom, it
appeared Lo be pushing oul away from the boundary layer and into
the ecsnter of the flow., The position of the are column along the
lenpth of the tunnel, howsver, was culte sensitive to small changes
in the magnetic fi=2ld, This situation made it impossible to dacresss
the current beyond the 10 ampere Idvel and consequenily the LHwwmel
vae never moke than 2/3 filled.

The difference in the behavior of thess two srrangemente
is a consequence of the ghape of the magnetic fields, For the fHunnel
sketched in FPigo 5, the field is generally weak, bub has its greaisst
value next to the two glass wallp because of the fringing effents
at the edges of the iron inserts., For the tunnel in Fig. 6, howswer,
the field is slightly sironger at the center than st the top or
bobtton of the tunnel since the field is fringing in the opposliie
directlion.

In Fig., Y, the magnetic force on the discharge is sbtrongest
next to the walls, If the column moves towsrd the center of the
tunnel; the magnetliec force becomes less and the ability to counberact

the wind decresases. The most stable positlon In Flg. & la, therefore.
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immediately adjacent to the dielectric walls. In Fig. 6, on the
other hand, the magnetic force on the plasma is siightly stronges
in the center of the tunnel, so that the wind forces can be
counteracted more effectively in this region than near the top or
bottom,

This simple explanatlion does not account for the variation
of stream velocity and gas density through the boundary lasyer, If
these factors are taken into consideration, the situation in Fig., %
is made even worse, while in Fig. 6 the stronger magnetic force at
the center of the tunnel is offset by both the higher stream velogliy
and increased gas density. Thus, for the situation in Fig, &, the
discharge probably initiates in the boundary layer and grows oud
toward the center of the stream, but is only able o push out a
short distance before the factors of increased denskity and wind
dominate over the slight increase of magnetic field strength., This
explanation is only approximate, but appears to provide at least
a qualitestive interpretation of the observed behavior,

Another method which was used for correcting the ovients—
tion of ths discharge was to place a dielectric section in the eleg=
trode. An insert of silicon carbide was placed in the anode contour
in the same position as the iron insert shown in Fig., 3. It pravented
the ancde end of the arc from moving upstream and when combined
with a strong magnetic field was moderately effective in straightening
out the orientation of the arc. The difficulty with any such

dielectric barrier is that the arc presses very hard against the
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Junction between the metal and dielectric,; and forms » very hot
concentrated spot which will quickly erode even the most refracry
materials, This hot spot also forms a highly concentrated reglon
in the discharge which detracts from the uniformity of the heating.
A third device which was used in an atiempt to correct
the skewed position of the are was te place either slots or fins
in the cathode contour. From early observation, it appearsd thah
one of the reasens for the slantwise orientaiion was that the
processes at the cathode were more sensitive to the wind then thoss
at the snode, It was reasoned that a suitably placed slot on
the cathode contour would provide a sheltersd place in which the
cathode spot could locate. A varlely of both slots and fing was
used without any apparent success. In most csses no conelusions
could be drawn since the slot or fin was always placed midway
between the two parallel glass walls, while the discharge was aluays

rdjacent to one or the other of the glass walls.
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VII - HIGH SPEED MOTION PICTURES

High speed motion pictures were taken of the discharge
in the contour electrode tunnel, using an eight millimeter Fastax
camera which had a meximm speed of about 8,000 frames per second.
Fige 8 i an enlargement made from a selected section of thess
films., This figure is 2 negative print; thereforae, the arc appsars
black against a white background. Feur consecubive frames avs
shown, This enlargement was printed so as toc bring oult the detalls
in the arc and thus is considerably underexposed, and consequently,
the outline of the tunnel cannot be geen in this print, Fig. 7
is a disgremmatic sketch of the tunnel as viewed from the same pos
gition as the Fastax camera and should help to orient the reader
a3 to what is portrayed. ALl that is visible in the enlargement
in Fig. § is the arc and parit of the reflection in the brass
cathode contour,

These high speed pictures brought out seversl agpeats of
the discharge which could not be observed otherwise. The gemeral
shape and appearance of the arc and the formation of a pronounced
cathode spot can clearly be seen, Although it is not evident in
the four fremes shown in the enlargement in Flg. 8, the arc spot
wag dancing rapidly over the cathode surface. Under some condi-
tiong it see-sawed back and forth in a periodic fashion, gradually
working downstream and then jumping upstream abruptly hefore

working back again., From the previous visual observations, this
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rapid motion of the cathode zpot had given the impression of o
gheet of uniform width extending straight aeross the tunnel in

a2 slantwise direction. In these pictures the leading edge of the
are column has a distinct curvature and is somewhat brighter than
the trailing portions., Under some conditlions this curvature be-
came 80 great that a new cathode spot would form upstream and the
are would progress stepwise up the tunnel, All of these observe
tions of the high speed motion pictures only served to bring oub
the non-uniform nature of the discharge under the present experl

mental conditiona,
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VIII -~ "ROD ELECTRODE® TUNNEL

Description
All of the experiments in the contour electrode tunnel

strongly indicated that some form of restricted electrode was
pecessary in order to anchor the arc in the nozzle exit., In
order to accomplish this, a new tunnel was construcied in which
two copper posts served as the electrodes, The nozzle in this
tunnel discharged directly into a2 large chamber forming an opsn
jeto The electrode posts which were isolated electrically from
the rest of the tunnel were located immediately downstream from
the nozzle exit, just at the edge of the supersonic Jet from
the nozzls,

Pig, ¢ is e sketch which illustrates the easential
features of this design and Fig, 10 is a photougraph of this
tunnel with the top cover removed., The sebiling chambsr and
forward portion of the nozzle are hidden under a lamscoid glasb
in these figures. {Lamacoid is a phenolic laminate which was
used for the structural members,) Thin Teflon gaskets were used
vetwesn the lamacoid covers and the brass moszle blocks. The
whole arrangement was clamped together very tightly by several
gerews (hidden under the black wax in the photograph). This
arrangement provided an excellent seal around the throat of the
tunnel and eliminated the leak problems which had been encoun
tered in the contour electreds tumel design. An 11° wedge

nogzle was again used, and with & 0,065 inch throst; & Mach b
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flow with a 1" x 17 cross section was obbalned in the region of
the electrodes,

Vycor or Pyrex glass liners were used as the parallel
walls of the tunnel over the last two inches of the nozzle and
for the chamber containint the discharge slectrodes. These
butted against the Teflon gaskets and formed a smooth continug~
tion of the tunnel wall which could withstand the hea, of the disp-
charge and provide visual obszervation of the arc. In order to obw-
taln a vacuum~tight structure, Plexiglass and Mycalex cover plates
were fitted over the chamber conteining the glass liners. These
were clamped together outside of the tunnel in much the same mans
ner ag in Fige 2, P0" ring stock was embedded in the lamecoid
members as shoun in Figs, 9 and 10 to provide a good seal with
the covers, This arrangement mede it very easy to open the tunw
nel for modifications and yet insured a vacuum=-tight structure ab
all tines,

For the photograph in Fig. 10, the top cover plate and
glags liner were removed to show the intericr of the tunnel mors
clearly, The copper rod electrodes projected through holes drilled
in the bottom glass liner ard were located about 1/l inch dowmstream
from the end of the nozzle blocks. In Fig, 10 the large civcular
bages of the electrodes are easily visible bub were located below
the bottom glass liner. Also visible, through the glass, are
short pleces of rubber tubing which provided electricsl insulge

%ion between the bases of the elesctrodes,
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Bohavior of a d-¢ Arc in the "Red Ele ctrede™ Tunnel

A d=g arc was meintained between the rod electrodes
by the action of a magnetic field in the same ﬁanner ag in the
contour electrode tunnel. The arc remained in the boundary
layer region and clung very closs to the glass liners Just as in
the contour electrode tunnel. There appearel to be evan lass tone
dency to spread oub into the main flowj however, this may have
been due to a thicker boundary layer.

Most interesting of all, the arc column had the same
glantwise orientation across the airstream, even though this ra-
guired a considerably logger discharge path., The extent to which
the arc went ﬁpﬂtream depended wpon the magnetic field, but the
anode side wag always farthsr upstream than the cathode side even
though the two slectrodes were directly across from each other,
In preliminary tests the contours were made entigely from brass.
if the magnetic field or current were made Loo styrong, the dig-
¢harge would go from one electrudé to the botton of the brass con=
tour Just upstreem from it then it would eross the tunnel to the
other conbour upstream under the lamaebid cover plate, and finally
go to the other electrode, making three separate arcs in all.
Ceramic inserts were later p&aced in the dowmstream portions of
the contours as seen in Fig, 10 in order to eliminate thise
behavior.

Even with the ceramic inssris, the arc went from the

cathode post slantwlise across the tunnel to a point on the anods
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contour which was upstream from the anode post, and then it passed
along the surface of the conbour to the anode post., With this
particular configuration the magnetic force drove the arc very
tightly against the surface of the anocde contour; therefore, ths
insert had to be made of a highly refractory material in order to
withstand this intense heating. Zirconivm bonded silicon carbide
wag used, but even this showsd some erosion after several geconds
total running time, The insert on the cathode sicde, on the other
handy; could be made of almost any convenient dielectric since it
was not subjected to direct contact with the arc.

The rod electrodes appeared to be very desirable in one
regpect, however, Under some conditions a luminous cyclindrical
sheath surrounded the cathod post, This is characteristic of a
low density glow-type discharge in a strong megnetic field,
"Hagnetic trapping" of electrons in a c¢ylindrical cathode sheath
tends to replace the concentrated cathode spot at low enough

densitles, Further, when the discharge was observed to go to the

brass contours, clearly visible arc tracks were formed on the
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Several experiments were made in an effort to force the
arc out of the boundary layer and into the center of the flow.
The most successful approach was to use short "horn elecirodes”
which projected into the stream as shown in Fig, 1l. In this
arrangement the active portion of the electrode was restricted
to the central one~third of the tunnel midway between the top
and bottom. Thus, the discharge path through the boundary layer
was about three times longer than the direct path across the
tunnel between the horn tips.

With the horn electrodes in Fig. 11 the discharge tended
to £ill much more of the tunnel than when the post electrodes of
Figso. 9 and 10 were uged, With a power inpubt of about two kiloe
watts the discharge appeared roughly as shown in Fig, 1l. Iu
some cases it was on the bottom of the tunnel instead of on thae
top, but it always avoided the center and aluays skewsd upstroam
on the anode gide., It was interesting to note that when the ficw
went subsonic, the arc immediately localized on the tips of ths
horns and went straight across the center of the tunnel. Further,
in the subsonic gituation, the arc as viewed from ths top had an
3% shape with the anode end again upstream,

The strong tendency for the arc to assume a slantwlse
orientation across the tunnel is am inherent characteristic of
this type of discharge, Thess experiments indicated quite con-
clusively that this behavior did not necessarily depend upon the

processss at the anode or cathodeg but was & consequance of the
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momentum transfer mechanism in the arc column itself, A very
satisfactory explanation of the skewing tendency can be postule—
tedy, based upon the complex mobilities of ions and electrons in
& magnetic field. However, a worthwhile method for correcting

thias condition has not yet been worked out,
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IX = PULSED DISCHARGES

An entirely different approach was tried for obtaining
an electrical discharge which would completely £ill the tunnel
cross section. It appeared reascnable that if a pulse of suffi-
ciently high current were passed through the discharge it would
at some point £ill the whole flow. If this method were to pro=—
duce approximetely uniform heatingy, the repetition rate of the
pulses would have to be high enough so that each volume elemsnt
of the stream would be exposed to several pulses, The duration of
each pulse would be very short in order to maintain a reasonable
value of average power and stlll provide peak currents of a very
high level,

Most types of electrical discharges have a tendency to
produce relaxation oscillations when a capacitor is placed across
the electrodes, When relaxations occur, the arc current flows in
very short pulses, and in between these the arc extinguishes until
the voltage across the capacitor becomes high enough to break down
the gape.

Oscillograns were made of the voltage across the contour
electrode tunnel to investigaie relaxation effects, With no
capacitor, and using the series resistance and inductance in the
power supply, employed with most of the tests; the voltage was
reasonably steady at a value between 350 and 500 wolits, depending

upon experimental conditions. "Noise® fluctuations of about 50
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to 100 volts were superimposed upon this d~¢ value., As the amount
of capacitance across the tunnel was increased, the amplitude of
these fluctuations became greater until with 0,05 ufd of capaci~
tence definite relaxations were present,

When relaxations oeccurred in the contour electrode tun=
nel; the arc was much brighter and hotter and had a stronger ten—
dency to erode the glass walls. As the value of capacitance wag
inereased, the arc moved upstream where it constricted into an
intense, fine channel., Because of this behavior it was impossible
to use a capacitor greater than 0.1 pfdse, The peak current under
these conditions was zbout 100 amperes.

The pulsed discharge technique wag used more succesafully
in the rod electrode tunnel, shown in Figs. 9 and 10, With the
discharge column anchored at the nozzle exit, much higher pulse
currents could be used, In order to take full advantage of this
characteristic, an additional modification was introduced inte
the circuit, An auxiliary air-blown spark gap was placed in
geries with. the capacitor and the tumnel slectrodes. This auxilia—
ry gap could be adjusted to break down at any desired voliage 8o
that for a given value of capacitance the maximum voltage and thus
the peak currents could be greatly incrsased, The gap betwesn the
tunnel electrodes broke down ai about 1,000 woltss however, with
the external gap it was possible to charge the capacitor to as

high as 10 kv before discharging it ascross the alrstrean,
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In all instances, the pulsed discharge was a very bright
hot spark with an apparent diamster of between 1/16 and 1/L inch,
Various values of capacitance and voltage were used and the stored
energy was raised as high as 15 watt~seconds per pulse. In one
case a 0,04 pfd capacitor was charge to 10 kv, The peak current
was calculated from oscillograms of the voltage waveforms to be
1,500 amperes, Even with this extremely large value of current;
the discharge appeared a & an intensely bright channel about 1/L
inch in diameter.

With the awddliary spark gap the discharges were oscilla~
tory. (The stray lead inductance in the discharge circuit was about
007 who) Thus, the magnetic field made the spark column move uvp-
stream on the first half cycle and downstream the next half cycle,
With a large value of capacitance, the "ringing frequency" was low,
and the discharge appeared as & thin sheet extending an inch of so
both upstream and dounstream. With a smaller capacitor, the ring-
ing frequency was higher and the column did not move as far during
each half cycle, and the discharge went straight across the tunnel,

Just as with the magnetically stabliliszed d=c arc, the
pulsed discharge occurred in the boundary layer next Yo the glass
liners, A series of experiments was, therefore, conducted in
which a pulsed discharge was initiated dirsctly across the middle
of the flow. This was accomplished with small wire tips or horns.

Two of these tips can be seen in Figo 10, projecting out into the
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tumel f rom the middle of the electrode posts, Another initiatlon
arrangement consisted of a glass thread coated with Aquadag and
stretched across the middle of the tunnel betwsen the two electrodes.
The same pulsing techniques were used with these "initia—
tion" devices, and the same general behavior was observed. However,
the discharge spread across the stream to a slightly greater extent
than when it took place in the boundary layer. The spark through
the center of the tunnel also was less escillatory, indicating that
there was greater damping here probably as the result of greater
heat loss.
When the spacing between the wire tips shown in Fig, 10
was more then 5/8 inch, the discharge took place t}woﬁgh the boundary
layer rather than across the supersonic flow between the tips. The
spacing between the rod electrodes was 1 1/L inches. Based upon gpark
breakdown considerations, this evidence indicated that the gas density
in the stream was about twice the msan boundary layer density.

Jn all of these experiments, the pulse repetition rate was

80 low that each discharge cccurred as an isolated pulse, That is,

there was more than sufficient timé between sparks for the residual
ionization to be blown downstream before the succeseding spark was
initiated, The calculated stream velocity was 2100 ft/sec. Thus,
2 minimum repetition rate of one every 10 to 20 p sec. would be re-
quired even to approximete uwniform heating. The maximum repetition

rate which could be obtained with an alr-blown spark gep required at
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least 100 to 200 p sec. betwesn pulees in order for the gap te de-
ionize sufficlently for congistent firing.

I£ the repetition rate were made sufficlently high some
regidual ionization would remain in the flow from the previous break-
down and this would tend to increase the diffusivity of the succeeding
pulse. The repetitiah rate limitation of the air-blown spark gap was
not fully appreciated when these experiments wers undertaken. In
order to obbtain the desired pulse rate, an elaborate set~up involving
several hydrogen thyratrons and switching circuits would have been
necessaryy, and this appeared te be too extensive a program to under-

take on the present conbract.
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X « ALTERNATIVE AIR HEATING METHODS

The experiments described in this report were limited
to a gpecific type of electrical discharge and to a relatively
small range of experimental conditions., This method of air
heating was particularly atiractive because of its simplicity.
Baged upon the results of this investigationy, it does not appsar
likely that a simple system can be devised which could readily
be incorporated into an existing wind tunnel. It is probably
more realistic to think of designing a tunnel which would be
compatible with the requirements of the heating systemo

Several alternative schemes are outlined below which
are somewhat more complicated than the magnetically stabilized
arc, but they offer the promise of overcoming some of the diffi-
culties which have been encountered, and indicate a variety of

posgible approaches,

High Frequency Corona

A corona discharge from small wires or points is much
nore diffuse than an arc column at the same pressure. The for—
mation of space charge in a corona streamer tends to prevent it
from growing too large. New streamers continually form giving
rise to a region which is more or less uniformly filled with a

myriad of tiny discharge paths.
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The rate of power dissipation (and heat generation)

of a2 d-c corona is very low and is limited by the sparking
'voltage between the electrodes. For d-c or 60 cycle power and

a small wire in air, the maximum corona curvent amounts to &
fraction of a milliampere per inch of wire and the powsyr dissi-
pated is of the order of a few watte per cubic inch. However,
when a high~frequency voltage is used, the situstion is theo-
retically much more favorable. IU has been repcorted that up to

a frequency of 100 kc, the corona power is proportvicnal to (£ + 25),
where £ is the frequency of the applied field. (11) This rela~
tion may laso hold at higher frequencies and the corcna power
could become quite large under the proper conditions

In the presence of a supersonic airstream, “he propere

ties of a corona discharge would be modified considerably. If
r-f pover were used, the streamers which form during each half
ecycle would tend to be broken up by the sirstream before the next
half cycle; and thus they would never grow to an appreciable size,
Even if some streamers did bridge the gep betwsen the electrodes,
the current probably would not grow %o a significant wvalue during
one half cycle because of the high clrcuit reactance and the high

initial resistance of the breakdown sbtreamer.
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In order o heat the vhole tunnsl cross section unds
formly it probably would be nscessary to use polyphase y-f powsr
and a maltiplicity of coroma wires cemmected in such & menmer
that at any instapt the discharge would tend to take place be-
tween wires on opposite sides of the flow. It mey be necassary
to use wires in the csnter of the alrstreamy however, there is
a possibility that by properly phasing the r-f power, the use of
meny wires located along the tunnel walls and parallel to the
flow might provide the required uniformity of heating,

Tonization by Electron Beam

There is considerable theoretical basis for prediciing
that the diffusivity of a dischergs in an airstream could be greste
dy incressed by means of an external sourcs of ioniging radiatien
such as a bigh intengity beam of beta perticles, If the alrstresm
i3 uniformly ionized by such a means, it should be possible to
pass an r=f current through the gas to generate heat, With an
external source of ionization gassous conduction could teke plase
in relatively cool gas. There would be no need for the high gas
temperature requivrsd to produce thermal lomigation, The usual
type of high temperature are column would not be present provided
the elsctron temperaturs were kept low enough so that essentially
all of the jonization was produced by the beta beam. Under such

conditions, the distribution of »~f current density and heating
would bes determined by the disiribution of the ionigzing radiations



Rough calculations as to the ordsr cf magnitude of the
cquantities involved indicate that such a process looks quite
feasible. An assumed icn density of 1022 per en’ would provide
enough slectrical conductivity to assure an effective rais of
heat generation. For conditions comparable to those in the
pregsent experimental work, ths volume recombination rate is
slow enough so that 90 microseconds are required for the ion
density to drop from 10*2 to 10* ions per cmgo This corresponds
to about two to three inches of stream motion. A high intensity
slectron bsam could be produced by an ®open window" type of
electron gun such as that used by Karlovitz at Westinghouse,

It would be desirable to use a magnetic field to curl up the
beta bsam into & spiral inside the wind tunnel in order o
incresass its lonizing effsctiveness,

A thorough evaluation of this scheme would involve a
fairly elaborate research program. Howsver, if the principles
are gound, it probably hazs greater potentialities then the other

methods diacussed in this sectione

”S@anniggi’wiﬁh 3§‘U1traﬂfas% Hoving &rec Columm

By the setion of a magnetic field, & d-¢ arc cclumn can
be driven at very high speeds through essentially cold air, If
ong or more such ares were made to traverse contimwously & section

of a wind tunnel at sufficiently rapid rates, it might be possible
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to approximate uniform heating. provided each volume element of

the flow were "scanned" many times, As mentioned in Section II

of this report, the gas is heated only a relatively small amount

on each pass under these condliions., Radical chenges, therefore,
are not produced in the flow by a rapidly moving arc. The diffusie
vity of the discharge colwmn would not be an important factor, and
thus this method could be used at almost any desired gas density.

Experiments at atmospheric pressure have shown that a
pulsed src running along two parsllel rod electrodes under the
action of a magnetic field can be made to travel at 2000 feet
per second. Al lower pressures this gpeed could be increazsed core=
siderably, High speed motion pletures have also been made of an
are at atmospheric pressure, revolving in the amular space belween
a central post and en outer ring electrods. The arc appsared as a
spiral "spoke™ and rotated at speeds up to 8000 rps. At lower
pressures and higher currents, the veloclty of this spoke would
also be increased by & considerable amount. {2)

There are many possible ways to meke an arc scan an
airstream, For instance, if & central electrode could be tolerated
in the flow, a radial discharge could be used in a circularly
symmetrical tumnel. With an axial magnetic fleld, the arec column
would spiral out from the central electrode to the walls of the
tunnel, and revolve at very high speeds. Other possible arrangenments

might usg a transverse arc column scanning back and forth across
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the flow, or & longiiudinal arc which would move through the

flow in a lateral fashiomn. This type of scanning might be

best achieved with a d=¢ magnetic field and an r-f arc current.
The major problem encountered with scanning techniques

is to obiain the desirsd wniformity of hestling without creating

excessive turbulence in the airstresm. The amount of turbulence

which would be generated by a scamming arc, and also the degrse

of turbulence which could be tolerated in a particular applicg—
tion would have to be determined. If these values were compat—

ible, the scanning method of air heating would have many desive-

able features.

A High Frequency Elecirodeless Discharge

Under the proper conditions, more diffuse heating
could be cobtained with a high frequency discharge than with
a magnetically stabilized d~g arc., FPravious experience of
progject peragmel has shown that an eleciredeless discharge at
500 me amd atmospheric pressure is not collimated, but tends
to be ball~-ghaped,

If an electrodeless discherge were used, the walls
of the tunnel would be made of a dieslectric material, and the
discharge current would flow through the dielectric as a
capaclitance or displacemesnt currsnt. If the capacitive reac
tance of this dislectric wall were sufficiently high, the are
could not concentrate at one spot {(@s it does on a metallic

wall), but would spread out over all of the available arss.
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Further, the inductive reactance of a small comcen-
trated arc coluen iz much higher than for a column of larger
cross sectlon. A% wicrowsve frsquencies, this resulis in a
figkin effect® which causes the current to flow near the surface
of the arc column and thersby tends to enlarge the diameter,
Calculations show that this effect would be very significant
at 1000 megacycles.

The use of a high frequency discharge appezred suffi-
ciently promising to warrant further consideration, and a search
was made of the literature on the subject. It can be shown thad
the conductivity of an ionized gas at high frequencles iz complex
(both real end imaginary components are present).(9) (10) Among
other things it is proportional to (p = Ju)/(p® + ©B), where
i is the electron collision freguency, and o iz the frequency
of the applied electric field, When the collision frequensy
is high (at high pressures) or for low frequency fields, pu> o,
and the conductivity is essentially the same as in the d=t case.
On the other hand, for very low pressures or high frequency
fields, p<w, and very little real power is transferved into
the dischargs.

In ordar %o evalnate the r—f heating method, ssmple
calevlations were made based upon certain approximate assumptions.
For conditions comparable with those existing in the tunnels
deseribaed in this report, the collision frequency, p, is of the
order of 102, If frequencies of a reasonable valus, from a



practicel standpoint, are considered, the electrons would
experience a grest many collisions during each half cycle

and the mechanlem for producing ionlization would be sssenbtially
the same as in a d=c discharge., This implies that an objection-
ably high temperature arc columm would be necessary 4o sustain
the discharge. Based on this argument, very shert wave--langth
microwave power would be required to cobtain a sitvation appre~
clably different from the d=¢ case.

A Very Low Density Wind Tumnsl

The evidence gained from the present investigation and from
previous work at the University of Michigan indicates that at
gas densities corresponding to s static pressure of 0.1 mm of
Hg, & magnetically stabiliged d-¢ are would be sufficiently
diffuse to provide uniform heating., In order to conduct testas
at these low pressures, & fairly elaborate research program would
be required, A very low density wind tumnel would have %o be
constructed, and & high spead vacuum system with enough capacity
to provide continuvous operating would be required since a *blow
down" type of tunnel would not be fessible at these low demsities.
There would also be a varisty of problems associated with the
operation end instrumentation of a wind tunnel in the slip=flow
region, (A suitable tumel would be comparable to Tunnel #2
at the University of California at Berkeley.)



The preoblem of air afterglows would become much more
sovere at low densities, For certain applications the presence
of thess execited molecules might not be objectionable. However,
their effect upon a supersonic flow wonld have to be evaluated
beforse the usefulness of this method could be deberminsd.

Longitud.iml Are & Throat

in arc column can be meinbained ia & stable fashion in
an axial air flow. For certain processes in chemieal anglneering,
& longitudinel are is used in a gas stream to supply large amounts
of energy for endothermic reactions. Also, certain types of
Eurcpean compressed air eircuit breakers use alr at scnie veloelby
passing through a nozzle surrounding the are columm, In these
applications, the arc centers itself with respect to the air
flow axd consiricts inte a2 small diameter with a very high
current densitys (1)

In a similer maaner & longltudinel arc might be used
in the throat of & wind tumnel to heat the alr passing through.
The discharg ¢ would center itself in the flow in a stable fashion,
It would undoubtedly bz very intense right in the throat, bul &3
the flow expanded downstresm, the gas density would bscome conslderably
raduced, due partly to the higher temperature, and the arc diamster
woewld increase considerably. One of the limitationez of this method
would bs the necessity of having an electrode in the cemter of

the airstream.



Pre-Throat Heating
An eleetrical discharge could be used to heat the air

entering the throat of a conventionsl wind turmels At the present
time such a system does not offer any advantage over existing
metheds, If the severe problems of heat transfer in the throat

can be solved and if very high temperatures are desired, an
electrical method might ultimately be superior to present techniques,
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APPENDIX I

JIEROETICAT, WIND TUNNEL POWER REQUIRKIEINIS WITH SUPERSONIC
HEATING

1. A preliminary analysis has been made of the effect
of heat addition at supersonic spseds on the power reguiremens
of a hypersonic wind tuanel. The analysis utilizes the one-
dinmenstional flow equations and numericsl tables of Reference
7¢ In addition to the assumpiion of one=dimensional flow, it
is assumed that the flow is inviseld, with isentropic expansion
between reservolr and test section execept in the region of
heat addidon. A schematic dlagram of a hypersonlc wind
tunnel with supersonic heating is shown In Figure 12, on which
alsc is illustrated the system of subscripts wsed.

20 The work done by an ideal compressor in compressing
isentropically a volume of gas ¥V at the final diffuser exit

pressure py up to the Initial upstream stagnation pressurs

Doy 18
W"““"Vﬁ_ L(fé') ""/J/

This Jdeal compression process will be used 28 2 standard

for comparing the tunnel power requirements for various
programs of heat addition. The power for continucus

operation of the wind tunnel with supersonie heating (exclusive
of the electrical power used in actual heating of the air by
the electric discharge, and the power used to maintain any
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magneiic £ield that may be required to control the discharvge)
is then

H P JJO mﬁ“?;ﬂ, ﬁ’)z%wﬂd

where m is the mass flow per second through the tunnel, T,»
is the stagnation temperature dowmsitream of the region of
supersonic heating, and R 1s the gas constant (all quantitles
are in the ft.=lb.~sec. units). Now with

M= /5 H, &

the horsepower 13 given by
)
g = L )\
HP =55 15/ RTe, 74 71\ ””"//

3: The comparison of various types of supersonic
heating iz aided by use of the ratio of Reynolds number based
on tunnel height to horsepower required for continuous

operstion. The Reynolds numbeyr is defined as
= Lk
R@“" AL
Wherse ¢f7 is the mass density, v is the flow veloecity, 1 is
the characteristic length, and//@L 1s the viscosity. Let the
characteristic length be the btumnel height, h, and express
the variation of in, with temperature by the empiriecal

relation (for air)

P ﬁﬂa(%)‘%



Then,

The Reynolds numbers=horsepower ratio can now be expressed as

Re ,,,ﬁ@:; Y-l Ta e |
w;)R /Ox y T ) /&(a: fo, 7
oz F,F ...,/

where the test sectlon is assumed square. In order to
deternmine how supersonic heating affects the above ratiog

two specific cases will be treated: (1) heat added in a
diverging portion of the nozzle at such a rate that the

lMach number remains constant, and (2) heat added in a constant
ares portion of the nozzle, In both cases an isentropic eXe-

pansion occurs between the heabing zone and the test seetion.

4, For constant llach number heating, the analysis of

Reference 7 gives

P T

which integrates to

ﬁ4£
Sfos _ /T \ZH

f%a T?z;

(It is of interest to note that the increase of area in the

=

region of heating is, for this cas@
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The Reynolds number-horsepower equation becones
Re _ 550 - ( T\ | EMW_M
HP m?’“ r ) 7 [7;1}2;—0«4(%) M{,
To, /% |

The results for this case are plotted In Figure 13 as a

funetion of My, for M3 ® 500 /' % loby b2 6" T3 =

400° R (Top = 2400° R), and T,y @ 1400° R, It is assumed

that the diffuser pressure recovery, 7%%; 9 18 twice that
A

of & normal shock at M = 5.0, (Pressure recoveries of this

3’

order were obtalned with an adjustable diffuser in Reference
8.)

5o For constant area heating Reference 9 gives
g ag AN T
Po, _ 1M [ 1+ B M\ 75
+7 M 4 i
(}00, / j t ‘%‘"’ M;

vl 7 ;
72;3 M{ g"i"g/Mg f&%{/\?i‘x’

By use of the tables of Reference 7, the loss of gtagnation

T; f‘/;z l“f"“ny' A /,‘;_filM;’

pressure in the heating zone, and then the Reynolds number
horsepower ratio, wers cslculated for the same condiftions as
the constant lach mumber case. The curve for constant arsa
heating is terminated at Iy = 4.1 since foy lower values of
M, the required temperature ratio _/% cannot be cbtained

before li, beecomes unity. Toi
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6o Shown on Figure 13together with the zbove resulis

is the value of gm% for the case in which sufficient heat is
added in the settling chamber (at M = 0) to bring the test
seation statlc temperature, T39to 100° R (representing
approximately the heating required to prevent condensations

of air), It is seen, by comparing this point to the point
whers Mi s O on the constant lach number curve, that a large
portion of the increase in the power requirements with heating
comes Jjust from the fact that the test seection stagnation

temperature is inecreased,

The increase in power required due to lods in stagnation
prassure ls shown by the slope of the two curves in Figure
13, The loss in stagnatlon pressure lncresses with the
Mach number at which the heat addition ocecurs., It is proved
in Reference 8 that the rise in stagnation pressure loss with
Mach number is a general result, independent of the programs

of heat addition and/or area change.
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APFENDIX 1T

(Copy)

Low Pressure Ressarch
Enginsering Field Station
301 6hth Street

Richmond, California

April 9, 1954

Dl‘o He Co Eaﬂy
Research Engineer
University of Michigan
Ann Arbor, Michigan

Dear Dr, Eaxrly:

I am sorry 1 have postponed answering your letter for so
long. The reason for my hesitation is the fear that what I have
to say will not be of too much nelp to you. Your problem seems to
be exactly the opposite of ours, We are dissatisfied because much
of the energy put into the air stream goes to heat rather than
potential energy, while you would like to suppress all forms of
potential energy in order to get & maximum yield of heat.

At the present time it is our belief that the principal
long lasting componenets caerried by the activated low pressure gas
streams are oxygen atoms in the case of air and nitrogen atoms
in the case of relatively pure nitrogen, A powerful discharge may
very well produce several percent diseociation. Al)l other conatitu~
ents like ions, electrons and metastable molecules decay to rather
low concentrations within a few milliseconds., The nitrogen atoms
produced in an air discharge are rapidly removed in reactions
resulting in oxides of nitrogen, probably mostly nitric c¢xide.

At higher pressures, perhaps above 100 mm Hg; the atomic oxygen tends
to attach to oxygen molecules resulting in the well-known formation
of ozone. The nitric oxide formed is not stable in the presence of
air, being easily oxidized to yield nitrogen peroxide., If atomic
oxygen is present simultaneously with the nitric oxide the resulting
oxidation is accompanied by the emission of s greenish glow. This
characteristic light emission is utilized as a test for the pressnce
of free oxygen atoms (c.f. Gaydon "The Spectroscopy of Combustion ¥),

The rate at which the atomic constituents disappear depends
very much on the gas pressure and the relative abundance of the
various components. FPolyatomic impurities in general "quench® the
activity rather rapidly} eo.go. water or organic vapors will reduce
the duration or even completely inhibit the production of the
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afterglows. But whether this means that most of the energy is
transformed into heat rather than into some other form of inert
potential energy (endothermic reactions) is not really known. It
will certainly depend on the details of the processes involved,
Using merely a higher pressure to speed up the reacticns, on the
other hand, may not be mufficient since even at 50 mm Hg pressure,
the air afterglow lasts at least 100 milliseconds and the excess
free oxygen probably outlives the glow several times. In nitrogen
the lifetimes are even longer. What is actually needed is a
catalyst which, for full energy recovery, returns the gas to its
original chemical composition before the flow enters the nozzle
throat. Unfortunately no such gaseous substance is known to mes
you would have to institute your own search for it. Partial
recovery c¢an, of course, be obtained easily if an adequate frac-—
tion of impurity may be added and if sufficient time can elapse
between excitation and expansion of the gase

The nearest thing to a2 catalyst is an inert metal surface.
If it is possible to insert some sort of a filter, consisting perheps
of a tube section filled with platinum shavings, practically ali
energy will be converted into heat., The trouble here is, that
primarily ihe temperature of the metal is raised so that the stream
is heated again largely by heat transfer from the surfaces. In
the last analysis, one wonders then whether it would not have
been simpler to heat the metal parts directly by some electrical
means, This, of course, you will be cqualified %o judge better
than I,

I am sorry to have sc few constructive suggestions. Iour
problem is not an easy one. I would bs glad %o help you if I
coulde, If there is anything else in which I could be of assistance
feel frez to let me know. I wish you luck with your research,

Very sincerely,

Wo Bo Kunkel
Physicist
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APPENDIX III

THEORETICAL HEAT ADDITION IN A CONSTANT AREA SECTION
TO CHOKE FLOW

Assume that heat is added in a constant area section of
a wind tunnel to a gas having constant specific heat and composgi~
tion. For a "simple T¢ change®™ the relation between the total

temperature and Mach number iz given by: (7)

T . b2 ww) 1e Shuge

Toa M2 \ 1+ M2 1+ LA w2

If enough heat is added to bring the Mach number to unity,

the flow will choke. Assume Toy = 300%K, My = 4y, ¥ = Lok, ¥Mp = 1,
then Tz = 515°K, Thus, a change in total temperature of 215°
Centigrade reduces the flow from Mach L to Mach 1, If the mass
flow is 10 gm/sec., and if Gp = 0,2l cal/gm/deg, the energy in-
put to just choke the flow is 516 cal/sec or 2,16 kuw.



VERY RECENT DEVELOPMENT

The high~freguency corena type of discharge, discussed
or: page 62 has been briefly tested, and the results look very
encouraging. The corona was produced &t atmospheriec pressure,
using r-f power from a 1 kw, 10 megacycle dielectric heating unit.
In the presence of a stream of air from a 50 pei air hose, the
discharge was not constricted or blown away by the wind. Instead,
the region between the electrodes wes filled with myriads of
closely packed hair-like sireamers. 7The corone power dissipation
at r-f fréquéﬁeiea was two or three orders of magnitude larger
than in a previous test where d~¢ poweyr was used. Further testis
ere planned in the near future using a 5 kw, 40O ke induction

heating oscillator which is available,
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