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Abstract

The voseibility of using an slectrical glow discharge for quenti-
tative turbulence meagurements is experinmentally investigateﬁ. It is
found thet a glow discharge is stable in 2 transverse sir stresm
throughout the subsonls veloeity range, and =i supersonic air veloel-
ties w: to a2 Kzeh number of 1.5, with no indication that this llach
nunber represents an upper veloeity limit. A calitration procedurs is
developed and used in measuring the decsy of turbulence behind a grid
2t low subsonic velocities. Comparigon with decay measuraments made
indepondently with a hot wire anémometer under similar flow conditions
shows that the glow discharge data is ag yet qulte bmdly scatiered and
somewhat iheansistent.

A quantitative theory of the dark mrren% anemometor is presented
snd gives results which ogres in form with reported axperimeﬁtal resul ta.
A qualitative theory of the mechanism of the glow discharge anemometer

and the first steps of the corresponding quantitative analysis are also

prosented,
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I. INTROIUCTION

The study of electrical diaaﬁargow in gases 18 still in & contro=
versial state. Adequate physical explanstions for meny of the &p-
perently significent processes occurring in both non-susteined and Qelfw
sustained discharges o not eurrently exist, and only & few of the proo~
esses have Geen explained in a universally accepted menner. Hven ex-
perinental results are often mot in god agreement. Consequently, it
bea proved veyy difficult %o relate snalytiecally the circult character-
isties, i.e., ths current, voltage, and impedance of g&g discharzes to
the various parameters known to affect theae charaoteristlas.» Many of
the feantures of susiained discharges in particular, have completely
defied anelytie description and treatment.

The eituation descrived above is perhaps not surprisiﬁgwwhen one
rﬂ@lizsa that the circult characteristics of a given gas discharge de~
peﬁ& in a cempliaataa nanney ﬂpén the following variables: the atomic
prvwértiem of the gopg and 6{ its impuiitiaa. the ges pressure, the gas
temperature, &hm atomic and nhQImal properties of the electrode materi-
&ls, the slesctrode muhfignrmutan end shepes, the slectrode upacing. the
canaition of the surface of the aléutmodea. the external circult through
which the ﬂischmmgm current flown. ﬁhe fraguency and magnltndo of the
driving source, and the relative valoaity between the slsctrodss and
the gas. 1f the effect of eny one mf these variables is to be studied
experimentally, it is clearly necessary that all of the other variables
mugt either be held constant or muaﬁ_bakvariad in a kmown and repro~

dueible manner. In most cases, this is quite difficulv. It is thie
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difficulty in controlling the parameters in éxperi.ments with gns dis~
cmwms. that has led meny able investigators to apparently mnﬂmung
sxperimental yesults. Actually, in the conflicting cases, %the ewssd
conditions waré oi ther unlmown or unreported, or the experiments wore
not performed with mﬁ'ﬂd@n‘é ore,

Bven though as indicated mbove much fundamentel reseerch remeins
to be done before the physics of gss discharges is well understood, the
induatrial and mginé@ﬂm applications of gra d:iwhargé phenomena $o
problems such as "-lluminmicm, ‘volisge rezulstion, photography, air
bvlast elreuit breakers, ete. have flourished during recent years, end
‘are widely mgvm‘. The present research is aimed ai furthering the
development of an additionml applicatlon of electries) zas discherges!
nemoly, their use in fundsmental fluld mechanics research, | |

An important part of the @xywmenml rosoarch necessary to obtain |
en adsquate working lmowledge of ﬂuid mechanics, 1s the -dmmlopmnt. of
the proper measuring instranents. “Llfhi.n ie particulaerly true of the
study of turbulence, During the past thirty years, the d.eml@pménﬁ of
the hot wire snemometer hos stemdily progressed until todey it appears
adequate for experimental turbulence studiee at low subsonlc sir Ve
locities. 7The chief problems msammmé with the hot wire anemometer
ams‘ wire strength, frequency compensation, thermal lag, and "noise~
froo" smplification. All of these problems become increasingly savere
a3 the maan ve}.ooity of the aly st#'em< to be studied is inoreased. 4An
ingtrument for messuring "turbulence in a mpa;sonic air stream does
not currently exist. ZLlsctricel ges discharges, and in particular the

glow discherge, appsar to hold considerable promige for the even tual



develoyment of an adegquate instrument for memsuring veloeity fluotu~
stions at supersonic speeds. Research with gas discharges tending
towards the developé:ant of sach an inatrument will certainly sleo add
%0 the knowledgs and understmamg of the fundamental properties and
mechanisms of gme discherges in gemersl.

The lmportence of the effect of the relative velocity bstween the
electrodes and the gns of an electrioal gme discherge on the eireoult
characteristios of the d&sahame, and the feasibility of using this
effect to measure ges velocities, was first suggested by Lindvall in e
paper published in 1934.“') Lindvell used the volitagse across » direct
current glow discharge at conatent current to measurs mean air veloci~
ties, and showed that the voitagga of sueh a discharge will resimnd to
the turbulent motion in the wake of a cylinder held in & moving stream
of air at simospheric pressure. He suggestad that ths glow ci:lncharge
anenmometer migzht ihuu PrOVe uuo;’ul in the study of turbulence. Mo
quentitative meaguresents of turbulence were published and no theoreti-
cal development was attempted &t ﬂmt tims.

Late in 1941 a group of investigators in Germany became im;.areeted
in Lindvall's work, and under the sponsorship of the Deutsche Versusho~
anstalt Fuer Iuftfahrt, begen studying the uss of gas discharges to
mensurs turbulence in air. The result of thelr work is curreatly avail-
able in & series of microfilee{®and in an mm_publicatian.(m This
group investigated the sppliecation of the divect current glow di.arz.harge
to the meesursment of turbtulence in an air stream, and concluded that
it ie useless for such an application. Their conclusion was based upon

_the fact that they obtained about two (2.0) volts of noise mcross the
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glow even 4% gzero air velocity, and = larger noise level at higher ve~
locities. In addition they were troubled by excessive elegtrode gpule
- tering snd were not able to meiniain ‘2 stable glow 2% vealnait{iea
greatay than about 70 meters per seccnd. The present author does not
sgres with these vesults, having consistently operated 2 direact cmrrém
glow dlacharge with & noise level of about four thousandthe (0.004) of
a volt at gmero air valocs.t.v,‘ snd having been able to maintaln a smb.fl.a
mswlmme at & free stream alr velocity of about ﬁ:ao mem_ﬁ per sscond
with no indication that this velocity represenis an upper lz.mg. (8ince
2% these free stirveanm aly wlac‘i%w, shock waves are fmmea shead of - the
probe into which thé electrodes are bullt, mm velwity at the glow is
loss than the free stream velocity.) |

Having abendoned the direct current glow discharge as & useful
instrument, the attention of the (:emmn group was turned %o thé possi-
bility of using & dark current discharge with 2 current of about &
microampere or én allernating current glow M.whﬁrga as an anemometer.
They mttempied 36 measure turbulence by Loth of these ma%«aﬂs. using
the ourrent variations of a derk curvent discharge at 4aonéWt voltage
up to an alr véloéit;v of about 120 mekers per second, and the voltage
scrosa an elternating current glow discharge at constant current up to
velocities of sbont 50 metera per second., Thelr research was inteyw
rupted in 1946, Yo attempt wes made to discuss the m«éry af ol ther.
the direct current or the alternating surrent glow ansmometer, and only
o very sketchy snd somewhat misleading theory wes reported for the dark
current anemometer. The evidense currently available on this dark

. gurrent and alternating mrmm‘b glow work is not sufficlent to properly



svaluats it.

There appears %o be a considerable current intersst at various
universities in tihds Mﬁnﬁm and in Jurope, in the use of gas dis~-
charges as a mesns of meaguring turtmlence. However, &% the préaent
time (Aprii‘l%ﬁ?) no results have ‘heen published.

As might be expected, each otf the verioue types of gas discherges
has 1ts own advanteges and difficulties when applied es sn ancmometer.
A digeussion of those festures of ﬁh@sé discharges which significently
affect their use as enemometers is given below, based upon & survey of
the mfemn;mm ciﬁea above, and upon experimental work presented later
in this report.

The direct current glow discharge anemometer has the sdventage of
2 convenient ahd easily managed current and voltage range. The current
range is from two %o twenty~-five (5+25) millimmperes, with the voltages
varying from thm@ hundred to é.baut seven hundred (300«700) wolts, de=
penﬂiz;g upon the eleetrode spacing, the air velocity, and the pressure.
The voltage veriations casused by e fluctuating alr velocity are suffie~
clent %o eliminste the need for any Mditianal ampllficmion‘. In adw
dition to nimpiifmng tha pmr' supply problem, the low operating volt~

~age allows the probe, into which the electrodes are bullt, to be made
small and mﬁoﬁymmically gound., A definite disadvantage of the direct
ourrent glow discherge anemometer is the electrode ap\?.tﬁaring aggoci-
ated with the glow. This umwterin_g is not alearly \mae:rawo&. b
aualitatively depends inversely upon the gne pressure and the electrode
spacing, end }direct.l:.r ﬁp@n the discharge eurrent. The presence of
elsctrode saput.termg seriously complicates 'aim ealibration and oxiorati.ng



teciniques. Another poseible dissdvantage of the glow dlscharge snee
mometer is the extreme difficulty in obteining a quantitative theory
to desoribe it.

The derk current anemometer has essentially no electrode sputter-
ing aésooiated with it. This is & definite mdvantage, and greatly
simplifies the cslibration and opersting tecimiques. The theory of the
dark current snemometer clsc appears to be simpler than that of the
glow snemometsr. Howsver, the cperating currents and voltages of &
dark current discharge are unwieldy and difficult to menage. At volt-
ages of from five to fifteen (5-15) kilovelts the currents vary from
about one one~hundredth to sbout two (0.01-2.0) micrommperes, depsnding
upon the eleetrode specing, the air velocity, and the pressure. These
currents can be incrsesed by a fector of three or four if the mmber of
random electrons is increaged by irradiating the electrodes with ultra-
violat 1ight or by opereting the discharge in the vicinity of redio-
active materials., Even so, considereble amplification is necessary,
since 1t is the varistions in this current which ére of interest. Thene
veriations may be near the noise level in magnitude. The high insula-
tion ievels necessitated by the high working voltage require that the
probve, into which the slectrodes are tuilt, be larger than in the case
~of & glow discharge. This situstion is aerndynamically.nndasirablé.
partignlarly for highespeed work. In mddition, the impedsnce level of
the derk curpent discharge is so high that it 1s difficult to make eny
measurements on the eircuit without materislly sltering the ciroult

characteristics.

The Germen growp referred to above reported that the use of an



alterating ourrent glow discharge appsrently decrsases the electrode
sputtoring, while reteining the desirable current snd voltage rah@na of
the direct current glow discharge. Howaver, in their work it was Aif-
fliocult to separate the alternating driving woltage from the components
of the “%urbulsncefvoltage" in the ssme frequency r=nge. The use of a
driving scurce whose freqﬁaney is of the order of one hundred kilo-
cycles wes suggested by the Geman group, andvrepraienﬁs interesting
posaibilitien., The alternating current glow discharge was reported o
be less steble in en sir stream than the direct current glow.

the transitory sperlk diachargg and the steady arc discharge appear
unguitable for shemometric purposea. 4 steady corona dissharze might
possibly be ussful in tiis fisld. | o

The experimental work in the present research haa been confined
wholly to investigmtions with 8 direct current glow discharge. (Unless
otherwise indicated "glow? will be taken to meen s “direct current
Zlow* in the discussions which follow.) This type of discharge was
solected becsuge it wes felt that the advnhﬁagos of the easily éanaga&
current and voltsge ranges, with resulting small probe sige, outweighed
the problems introduced by electrode gpnttaringb‘e-peelally since pos~
aiblé application in the supersonic speed range wag projected. The
background experience gained by ldndvall in his carlier work with the
glow discharge ﬁas elso an importent factor in the sslection of this

type of discharge.
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IX. THECRY OF [(HE DARK CURRENT AND GIOY DISCHARGE ANEMOMETERS
A. &@m@rml'weehanimmm‘ ‘

Hn snalysis of the dark current end glow dﬂachargé &neﬁomaters
will now be made to obtain theoretical equations and/or explanstions
which will prove useful in experimentnl investigations in this field.

In this &nmlymﬁé.‘an‘att@mpt will be made to nliminﬁt@ the non~esgential
features of the discherges being considered, while wtill r@f&iming
‘theﬁe prmm@sﬁam‘ﬁud properties which utgpificanﬁly effect the charage~
teristics of the discharge as an anemometer. The cases trested quanti-
tatively will be considered g8 invardsnt with time, il.e., in the steady
stete, and will ve based upon two-dimensional models. Tius the results
esn probebly not be applied quantitetively to am ectual three dimension-
al anemomeber without some modification.

A glow disqhar@@'anemamatar is operated Ly messuring the volt
B8go across the discharge as the curreant is held eonutmnt.‘ana as ﬁha
relative velocity between the electrodes end ﬁh@ ges (oir in this dise
cuseion) 1s varied, It ig fourd (See Figure (18), for mxaméle) that in
such an experimsnt, the voltzze incresses shapply with inereasing air
velocity., Although less convenient, & glow discharge snemometer 10l ght
also be operated by holding the voltage constent and sllowing the cur-
rent %o vmfy with the air veloecity.

A dark current anemometer is operated by meesuring the current
in the electrodes of e aarkAﬂurren% discharge operatéd at constant volt-
age ap the relative veloecity between the electrodes and the gos isa
varied, It ip found thet the current decreases with iucressing alr ve-

locity.

The general effects of an incresse in the relative velocity
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botween the electrodes and the gme of an electricel gas discharge will
be considered, in order %o determine which of ﬁiwm affocts are pro-
aamimmt in eeusing the behavior described above. (For a general &iw
mwmn of the mechanism of ges diacharges in stationary g&wa. mf@r
to wa(‘*) Covine(B), or ingel and Steenbeei(®).)

As the air velocity is incrossed, the air pmtme‘bﬁtwm
the electrodes mmm slightly, the amount of pressure change depend~
ing chiefly upon the velocity incresss, and upon the electrode and prove
eonﬂg&mﬁmm. This decrease in pressurs will csuse the ion ’and eleo-
tron mean free paths to incresse, will chenge the magnitude éf the ion-
ization coefflcients end will affect the diffusion and recombinetion
processes. All of these factors have 2 bearing upon the voltage and
current of the discherge. In the cage a;t‘ the glow diseharge, they will
cause the cathods drop rogion to increase in length, with &n aceonpany-
ing redistribution of the potential throughout the dischsrge.

Mm; as the air velocity is increased, the hsM transfer
from mm electrodes %o the air ﬂmmn is incressed with & resuliant
cooling of the electrodes, the air stresm temperature mmn.‘m the
eerodynsmic forces on the eleotrodes and pmw are altered. These ef«
fects may cruse a chenge in electyvde spacing which would be difficult
to pre-caloulate. The current end voltegs of both the glow and dark
current discharges are very senaitive o changes in electrode mpacing.

The iong ‘nm}. electrons in & gos discharge ezperating in i
trengverse stresm of alr will hsve an oversge transverse component of
velwi‘&z} equal in direction and magnitude to the alr streem 'm_lwi'w.
wnless a2n electric field is set wp in the dﬁ.mcmm of the atr‘flov by |

edge effects or by action inside the discherge. There is thus the
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poseibility that some of the positive ions and mlectﬂam will be blown
out of the discherge, and will net reach the cathode and anode respece
tively. GBuoh & loes of current cerriers, or the &nt;wzml aotion in &

discharge %o prevent such & loss, will affect the current and voltage

of & g8 Mabharma.

It was experimentally &atemmaﬁ in the cese of the glow
dischargs that the preseure chanses and -tmmwmm affocts m‘aommfsed
with a chenge in alr sbream velocliy do not account for the observed
voltage changes. (See section (A) of part IV.) An atiempt was made to
design the x;:m% ueed 2t low mmeda in such a way thay the mmﬂmgw
forces caunsed mnly meimiﬂ.cwﬁ changes in gpacing. It is the opinion .
of the author that the loss of positive iong is directly the cause of
the curreant variations in the derk current ansemometer, and that the
observed voltazo changes in the glow diwh@rge anamomater Mavwmm'd .
Jointly by the loss of positive ijons and by thw internal ‘-m*&iatmmtwn
of the positive space charze necesaary to enabls the glow to sustain
1t801f whem operating in & transverse atresm of 2ir. This theory is
disenssed in greater detail in the two sections which follow. The lome
M ions from the glow discharge was observed viswally when aperating
the gglw in & supersonic air stream.

B. Dark Current Anemometer.

in the omse of the dark curvent ansmometer, one wishes to
now the current measured in the externs) leads attached to the anode
end cathode, as a function of the transverse air velocity, when the

voltage across the discharge is held constant. Only those velocities

for which the accompanying prossure changes sre small with respect to
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the pressure at zero velocity will be considered, The changes in the
anode end eathode currents with verying eir ?vmlomaﬁ;y will be considered’
to be csused by the loss of those positive ions which ere blown out of -
the discharge by the nir stream. Buch contributory effects as the
changes in lonization goefficients caused by pressuve changes, the
changes in slectrode specing ﬁm‘ t0 cooling of i;hé elee*zwdéa. eta. will
be neglacted. An inbegral squation wAll bo derived from which the dise
trivution of electrens leaving the m‘%hoda.\ and honce the electron dise
tribution throughout the dischergs, cam be obtained. Buimhia integre~
tions will ‘alwn glve va the sande and cathode currents, and the nm‘bdr
df poasitive lons blown out of the dlschargs by the sir ot‘mmll.‘

The physieal model to be used is shown in Pigure (1), snd
represents a two-dimensional dark current discharge mmm two pwuliel

I?/

CATHOOE 75 ANODOE

(—) (+)

------ R

FIGURE (1)
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closely spaced electrodes of width h and sepsrstion L. For convene
ience, & thiekness of @M centimeter will De assumed. A uniform trange
verse alr veloellty U is taken pw acting in the dirsciion of the pési«»
tive yeaxis. All viscous effects will be neglected. The field botween
the olectrodes will be considersd ss being uniform. The edze offects
are thus ﬂé@lwmd and 4% i8 imnlied thet the space ¢ rge isz smell
snough to c2uss only negliglible field distortion.

A derk carvent discherge is not self-susteined, and requires a
o@%numm agurce of excitation from cutside the discherge itself if
the current is to be continuous. ihis externsl excitation will be cone
sidered o be such that 1t causes a constant mumber, 2, , of slecirons
to lesve each squere centimeter of the cathode sach second. These
olectrons will travel towerds the smode with a drift velocity 4, £ ,
where fte i8 the electron mobility snd £ is the field streagth, end
will pgain enough energy from the field to iondige gas m@mm};es by "oole
lision®, The positive fons so formed will then teovel towards the |
cathode with a drift veloci ’M*“/ja £ where &s 48 the mobllity of the posi-
tive ione and £ is agpin the field é‘crmag;th. Upon strilting the cathw
ode the positive lons will, on the averags, oause D/np lalmt;.mus $o be
omi $ted per square centimeder per second, where ﬂpiaa the number of
positive ions striking each sguare centimater of the cmthods per second,
and Y is & proporiionslity constent which depends upon the ensergy of
the poalitive ions, the field atrength et the cathods, the vathode
matarial, and the conditions of the cathods surfazce. These eiemmm
are in addl Mam to those lesving the gathode due 1o the externsl exole

tation, 8o that the totel number of electrons leaving emch squers
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centimetor of the cathode por sscond is given by,

The improbeble process of lonization by pesitive ions by "eollision®
will not be considered. ; |

ihe case in which the tronsverse alr velocity is gero will
be considered first. In the steady MM@, neglecting mcmxzbinmibn
and diffusion, the mumber of positive ions striking each square centi-
meter of the cathode per second at gero alr veloocity must be equal $o
the total number of new lons being produced per second in av@lme; per=
pendicular to the electrode surfaces, with a one squere centimeter
oerosg-gectional ares end a length of 5 wnits in the x “‘aiﬂmtmn.
Conditions at the cathode at zore velocity are independent of y. The
nupbey oﬂ" new ions {and electrons) produced per second in any length

dz of this volume ig given by
642/ = o« 7,(z) adz (2)

wﬁnwm?% (%) 18 the mumber of electrons per second which cross one square
centimeter in @ plane at & distance x from the cathode, and the pro-
parmonaliw congtant X i8 the femiliar first Townsend coefficient

which depends prﬁ.kmril;v upon the field strength, the pressure, and /mw
type of gas involved., This expression neglec¢ts recombination, diffusion,
and the improbable process of ionization by positive lons. The total
mamber of posi-ﬁive ions ver square cenbtimeter per sepond striking the

ecathode is therefore glven by

| 4
7% =/a{ (%) dx . (3)
N B
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Upon integrating equetion (2) wng obtaing,
| f < = ,
— (-] f
n,&) = n, e (4)

which, upon substituting into amtiom (1), vields,

| | fecdx
n.= N, +¥ [N, e (8)

. [-]
Under the assumption that the field strength £ is a constant, the coef=

ficient ol may be trested as a constent for the small pressure chenges
considered hers, snd the intesrstion indiented in équa'uan (5) is easily

performed. Solving the integrated expression for )ic, one obtsins,

7o
/]
/- ¥ (e®)

Applyin@ equation (4), one thus has the number of electrons per squars

(6)

n, =

cent.ﬁmetar per sanond erossing a plene a dimtaxme X i’ram the eathode,
oL X

n, @) = (7

The electron distrilution througiout the dischsrge in this case in-
ereases with x and is independent of y. As ewact&d'them is &
direct dependence upon N, , 'hha pumber of mac»bmm produced by the
external excitation, without which the entire dm’chaigm current would
vanish. |

| #hen the anemometer is in operation, thl; a transverse alr
veloeﬂy of magnitude ’U. the drift paths of the lonis mnd‘elmtmm
are different from those in the above case, and hencs equations (7) no
longer mxm. The slectrons will be assumed to travel along paths
perpendicular to the electrode aurméeh. while ti_m positive lons travel
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along paths inclined to the electrode surfaces by en angle ¢ which is

given by

This 4s illustreted in Pigure (2).

| 4

G—ZI—-‘,—-

;é = 1fcun:-/(e;€52§?;>,

CATHODE
(=)

Y
/

ty

ANODE

1

FIGURE (2)

(8)

—— —2

1f the drift velocitles of the positive ione end of the electrons for

e typicel electrode specing and a typiczl operating voltage are compared,

1% will be seen that guch =n assumption is reasonsble. (Using the mo=

bility data glven by L}xab('?). and talking as ean example, a ‘apaéing of 4

millimeters, and e #ol.tema» of 6000 volds, one obtains about 240 meters

~ per gecond as the drift velocity for the positive ions, and about 83,000

meters per second me the drift velocity of the electrons, under the pre-

vious assumption of uniform fleld strength. Thus the drift velocity of

the electrons is sbout 360 times as great 28 that of the positive lons,

and &t the aly stresm velocities under consideration here, the electrons
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arrive &t the anode without heviung bsen apprgeiably deflected. The
ammt: of electron diffusion in the y-direction mmé the very short
electron transit time is also negligible.) |
Vith the trensverse velocity U/ acting upon the discharge,

aquation (1) is replaced by,

n(y) = n, + VY (9)

where?] and 74 are functions of y. In the steedy state, agein neg-
leeting recombination and diffusion, 7y at any value of ¥ 1is just
f»he mumbey of new ions produced per second by electron "collisions" in
a volume such ms ABCD of Figure (2). )

The number of new ions produged per second in say lemngth A%
of this volume, is « ne(z,y,) where /, (Z44)1e the number of elsctrons
per second which cross one square centimeter &t (7, ¥,). Since the
slectrons &re asmmed to drift in the »- direction, equation (4) is
8441l applicable and under the assumptioa of uniform field one obtains,

| Xz |
N (%) = n.(y) e : (10)
The total number of new lonp p}oduced per aecond in the volume ABOD of

Pigare (2) is thus,
4 D(Za, .
}z/(y) = [ «n(y) € £ 2 (11)
‘ / , ‘
which gives for equation (92),

4
n(y) = 7, + b’o/oé ne(4) €

This integral equstion cen be pubt in a more convenlent form by reteining

X
Az . (12)
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only the varisbles y end ¥ + Ueing the exprossions

= KE iy
Z = 5 (y-%)

de = - 2PE 2y 23
= /

and appropriately changing the limits,

) 4 2L (y-51)
n(y) = n, * Y i’—;{—f— 2.(y) & Ay; s (14)
w ,

I &

where, under the ebove assumptions, o, 4, £ and ¥ are constents.
(The theory proposed by W. Ii!“mlm(mm@;lewed the secondary electyons
produced by mm striking the cathode. It appesars that m‘mh‘m asgumnp-
tion is not warranted. It is clesr that in equation (14) such an wé
sumpbtion 1s emivalent to ummm‘(eml to gero, snd henoe reduces

7% (y) to the constant /I, .) From equation (14), one csn find 72.(y/,
which mus$ elearly be finite and contimous in the range o< ¢< A .
must reduce to 2, when y 1is zero, and must be zero for negative values
of ¥y. The solution of this integral equation is quite interesting and
is included es Axppmﬁix A®

| Por values of y in the range O0< Y < _Q_;_l. the splution is, .

. L7 £ (59
72.(y) ='/Z‘; [/*—7”8 g } (18)

*The suthor is indebted to Dr. C. R, DeFrima for suggestions on the
solution of this squation.
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‘and for % < f/ <Z tlm solution is,

/‘r‘ £ /6/‘ £ ;
av ~¥ek L, 7%y ZLE (4w
Nl e 7
o=y (/~ ev® v (/+7) /Y
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- Yk :‘_/‘;A.i Cr+¥)Y (16)

D (r+7)
These expressions can be checked by direct substitution inte the origi-

nal integral eguation. Solutions for L4 >/-2‘—2§ ean also be obteined by
‘ G E -

applying the method developed in Appendix A,
One can now obtain an expression for the eurrents measured

in the anode snd aathadw leads a8 illustrated by Figuwrs (3)..

om—il} @

FiGgure (3)

The current in the anode lead is glven by she aunber of sleg-
trons which arrive at the anode per second multiplied by the charge
per electron. From equation (10), the mumber of electrons per square

eentimeter arriving at eny point on the snode per sscond is glven by
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oLk
7.y € , and henge,

old 4
L, =ge /nc{y) dy 5 (17)

[~

where the integration is performed in #teaps ef/gfé_ (See Appendiz A)‘ it
necesshry in order to cover the range from aem/%a h. The mran‘ﬂ; in
the cathode lead is given by the m@‘aer of electrons leaving ths cathe
ode per second multiplied by the charge per slectron plus the mamber
of positive ions atrilkdng the cathode per sscond muliiplied by the

cherge per ilon. The cathode current is tlms,

Z, = (Ze), +(Ze)s (18)
A 4
_Zc' = ;/nc(y)c/y + f[nﬁ(y)a‘/y. (19)
o
- Substituting from eguation (9) for 72,(y),
A ' 4
LSl n, tpdy — Zelf (20)
Z = ¢ 7‘/ T “
where the integration is again broken uwp into steps of /;?21_15 if necessary
y]

~in order to cover the range from gero to h. The integration indicated
by equations {17) and (20) is performed for a given case in Appendix Bi
s discussion 61’ the current Z, which flows in the ground wire is also |
given thers. An'i.nmmstingéheek of this method of obtaining the snode
and cathods currents ocsn be made by epplying equations (17) and (20) te

the case vhere Mméuﬁ.r velocity is ssro. The result is

| y 7
Z, = Z Zo 2 g Z, ~ (a1)

¢ s y(e -/

which ghows the two currents equal as they &re dmown to be in the gero

veloelty case.
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By comparing equation (19) and (20) one can write,

T+ . ”aA
Ic = T _Z:q Tf v (22)

This equation can be put in a useful dimensionless form by dividing by

the currant for sero velocity as given by equation (21), giving

Z. ' VHI Z,
f=/”a'f—"f(’"ff) - ®
Z,

whers the mt!.as J-:—— and IA are known as a function of velogity from
equations (17), (20) and (21), and ave evelunted for a given ease in
Appendix B. This result cen be interpreted more readily if equetion

(23) is put in the following formt

- %) -

(24)

Y e% v

The quantity .;.g-éb on the right side of this expression hss & magnitude

INCREASING U ———

FIGure (4)
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groater then one for the velues of spacing, field strengith, air pres-
sure, and for the electrode meterisls used in dark current anemometey
neasurements. The mtwgdwmwm with immming aiyr yelocity.
Henge, using oquétion {24), the relative varistion of [, and . cen be
skotched as & function of air veloecity. (Figave (4).)

The dependence of Zy; snd Z. upon velocity as derived thsoe
-retically in ihe above work and as sketched in Figure (4), is of thm“
same form as the experimental dependonce of Z, and Z. upon velocity
obtained and reported by K@%t@lcg)." A direct numerical comparison
with experiment cen not be made at this time Eamanum the eiﬁat constante
end d&manéﬁun@ which apply to Kettel's experiments are not available.
However, minﬁﬁ the theorstical resulis agree in form with experiment,
1t is believed that the theory prosented is essentielly correct, and
that the effects which were ne@i@a§m& are of sgvond ufﬂer 1mpoitanan.

the difference between Z, and Zc illustrated in Figure (4)
depends directly upon the mmber of ions biowm out of the discharge.
{See Appendix B.) This loss of ions alsc determines ﬁhé denresse in
J:k » 8ince it vesults in a smaller number of ;mpauting,iana ai‘the
cathode, and hence in & smaller mumber of secondary electrons being
sJected at the cathode. Thus, even though thb assunption that the elec-
trons sre not. deflected by the sir strecm was maﬁé. the number of slec-
trons ﬁrriving &t the anode decrsases with incressing veloocity.

fhe above snalysis was based upon utéady atate conditions.

In vurﬁul@maw research, one is generally most interested in the fluctu~
ating components of valncity,'and hgnee in the dynamic réapaune of the

dischargs. . The transit time of the electrons is of the order of a



22
twentieth of & microsecond and the tranelt _tﬂ.ma of the ions is of the
order of ten to thirty microseconds, both depending upon the applied
voltage and the slectrode spacing. For messuring turbulence velocities,
whose principal frequency components lie below Yen thousend cycles per
- second, the Tmpmdm@ end voltege wﬁld. bs adjusted to make the ion
irmmit tines mbom one=tenth as g,wm ég the‘ shortest period of alr
velo eiﬁy fluctuations. It t.hemb_ﬁpm émm;am valid to usfmna that the
derived or experimentelly obtained Maﬁd@r state aharzwwrié’aﬁ.ms nay be
epplied in the eslibration for dynamic measurements.
C. Glow Discherge Anemometer

Ae a part of this atﬁ‘ﬁy, an attempt was made to obtain & theoe
retical expression for the voltage~veloclity chamcmm:tm of the glow
dincherge M@mmtﬁr similer to that &evelapaﬁ for the surrent-velocity
characteristic of the derk current anemometer. This effort has time
far been sucoessful only in thet s fow genersl quantitative relations
and & quali mtﬁe theory of the mechanien of the zlow discharge ene-
mometer have bean dm@lapad. | Thig trtmtmwt of the glow discharge is
edmittedly approximete and the effects of some of its features, such as -
" the snode spot and anods drop are simp.lﬁr omitted 28 being less important
then the ztf‘mmrm ‘cmmma. All effects of viscosity are mglaeteei.
The seme notation end coordinstes used in discuseing the derk mrrlem
discherge will be used heve.

Th@m@Mim of a glow Maéhargg is much more complex than
thet of a dark current discharge. 5 glow elﬂ.wlmmgmi gustains itaself |
without eny rendom external excitation such as was assumed o ba' acting

upen the cathode in the derk currvent discharge. Any snalysis of the
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glow must be consistent wﬁth this self-suetaining properiy. The basic
sinplifying asswapiion which wes nade in treating the dark gurrent dis-
charge, and which made that cese soluble, was the assumpiion that the
electric field wes uniform. %his implied that the currenis were se
emall ‘that the space cherge distorition of the fleld was negligible. In
the gicm discharge, thev field distortion caused by the space charge is
en inherent part of the susteined operation of the glow, and the agsump~-
tion of uniform fleld is clevrly mﬁ; ivalid.‘

In ,aéflgr for a glow discharge to be established, conditions
must be such that any x*mcﬂ.qm eleacwm# end/or ions which enter tha gpace
between the electrodes will initiate regenerative secondary procosses
whieh result in the current increasing from zere %o the suetsined vslue
necsssary for & stable glow dischsrge. The most important sscondary
processes, and the only ones which we will consider in this discussion,
are ionization by eleciroms by "collision®, and the relemse of electrons
st the cathode hgf positive ian bowbardment. Once the glow discharze is
established, the mumber of electyons leaving the cathode a8 a result
of random external excitation is entirely negliglble compared Wi‘th the
number released by positive ion bombardment, and the vandom sxeitatiion
is no longey sigmificent. It is eclesr that if the magniitude of the g,low
discharge current is to remsin constand, sny given mmber of @leatwns
leaving the Mtzhodea must csuse & chain of events which, on the average,
will Jm% roﬁl&o@ that mmber of almﬁmm et the aa.ix}mde; Ve can,
therefore, write the "aontim?.ty" yrelation,

4 4
/,,n,:(y) dy = /a’(g) n/(y)afy - (28)
o

[



24
where 72.(y) is the musber of clectrons lesving the cathods at y per
sguare canmmww per second, 71?@) is the minbar of ponﬁ.mﬁe .m‘nﬁ
striking the cathods at ¥, per sguare centimeter per meon&, end ¥

now slso depends upen y. HEquation (26) cen be re-writien,

4 , ;
/”c(y)‘./f = éﬂ:/f"/y"’.{? "/”JW“_,? - ’%/7 (26)
fe] A ‘ (-} .

where the entire bracket on the right slde represents the mumber of
positive lons striking the cathode and b;ffsotive ig 8 constent ree
lating the number of electrons relessed from the cethode to %a aunbor
of ions #tr‘ikmgg it. The terme ineide the bracket arse mwrpmbed ns
follows: the term / :4 ) oy x~apmw;’tu the mumber of electrons reache
ing ths anode W mmprmnd. the temn [ 22 (9)6{’7 rmpr%sﬁts the number of
 electrons leaving the cathode per a:;eanﬁ. end /, i8 the mumber cf posi-
tive ione f“blam out of the discharge xiér second by the traneverse air
sbrean, fﬂm dlfference of the first two tesms in the bracket is, -
clearly, the total nunber of positive ions produced per second, minus
the pumber "logt® by recombination end diffusion per second. It will
be observed thet this implies that all of the free alectrons reach the
anpde, even though some positive ions do not reach the cathode.

The number of ions (end electrons) "lost" by recombination
is very difficult to evaluate. In the case of the dark current dip-
charge, it sppeared velid to neglect recombinstion. In the glow dis-
charge csge, mmmhimtipn appears %‘.‘o‘b.e nore mpwﬁam; however, one
would probably neglect 1t aé 2 firet epproxzimation. 'ﬂ:zé further evalue
ation of the terms in ammmmi (26) depends vpon a knowledge of the

f1eld strongth and of the paths of the electrons and positive ions
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ineide the discharge.

1t can easily bo shown thed the paths of the lons and elec-
trons in the glow discherge anemometer cannot be the simple streisght
lines used in the dark current analysis. Gmnaidm; Pigare (5), where
the discharpge is two dimensional, and imagine for the mmamt‘ that the
electrona drify only in the x —direction asnd ¢that the ions follow
paths inclined to the w-axis by the angle § previcusly defined by
equation (8). Then & group of electrons leaving & typical point such
as A will produce ions by Ycollision® along the line AB. ‘I.‘hasa.imu
will drift elong the inclined paths end will strike the oathode oy
points such ag C, where more electrons are released. These elegirons
drifé slong lines such as (D, eote. ete. 1t 4s clear that ﬁtth such
Mm snd electron paths, the olecirons which left point 4 would xwt}
be replaced, and the discharge could not sustain itself. Gherefore,
the assunption of straight line pathe is not spplicable to the glow:
diwhar@ snemometer. 1In fact, it is clear that the ions produced by
the electrons i,snvin@ point 4, fmf oxample, wust have forces acting
wpon them in the upstream dirsction during part of thelr path, in order
that at least some of them comn travel upstresm ageinet the veloeity U
and ax:r&ve at point A, where they produce the requisite uuniber a‘f alac~
trons to sustain the discharge. | |

The positive space cherge in the cathode drop region provides
& mesns by which the ions cen be tﬁmmd upstream. Consider Figure (6),
where the edge sffects have not been ruled out, and imagine that to
begin w&ﬁh, a stable glow diecharge is ppmm’emg st zerp velooity. The

ion snd electron drift paths are then essentislly along the =x axis,
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Frgure (5)

(+)

FIGURE (6)
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snd the positive ion speace charge in the cathode drop reglon will be
uniforuly distributed in the y direction. This space cherge results
of course from the lower ion velocities in thet particular region. Now
}f 8 transverse air velocity U ie -suddenly established, the ions will
strike the cathode a% points further in the pesitive y direction then
they would have if the veloecity U were not present. The current
density and hence the concentration of the space charge will, therefore,
incrense at the larger walues of y. However, as & gredient is seot 'up
in the spsee cherge concentration, an electrie field is established in
the negative ¥y direction., This field acting upon the positive ions,
plus diffusion of 'poaimvé ions in the spece charge in the negative ¥
direction made possible by the concentration gradient, conge the iona
to move wétraw in the viciﬁimy'of the space charge. The edge effects
neay the downstresm edge of the electrodes also provide 2 loosl up-
stream field component. When the steady state is rwumd; the concen-
tration gradient in the space charge is Just sufficlent o .fe.ma« the
necessayy number of positive fons upstresm to points on the cathpde
where they will produce the electrons nscessery to sustain the dischargs.
Some positive ions are blown out of the discharge. Figure (6) indlicates
what the sveragse paths of the positive ions might look like. OFf course,
in en sotual dischargo, this ploture is complicated by the fact thet
there ney be & small negative space charge on both sides of the positive
‘space charge which will tend to reduce the effects of the positive
space chargs} "tha fields set up by these space charges will aet upon
the electrona as woll as upon the ions and will provide the elsctrons

with a dowmstresm component of motion.
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Intuition suggests that the internsl redistribtution of the
space cherge can never completely compensate for the effects of the
air stresm which cavsed the mﬂmtﬂmw’m By examining the &Wc;hnrge
through 2 microscops ss the yslocity is incremsed, one ouserves that
this i actiually the case, ond that the discharge moves é'lig;htly dowmne |
strean with each velocity incresse, covering 1mma‘ﬁng1é legs of the
cethods eres. ';I?har@fora. if the current is kept constant, ﬁha current
density of the discharge must incremse. The voltage must then go wp,
in order ‘to ‘mplaée the lons lost, and in order to allow the discharge
to operate in ite "abnormal® atate at the incressed current density.

Returning now to equation (2B), we see thst, on the average
in the steady state, the "contimuity" rvelation for a susteined dig-

cherge mugt 'mm at 81l pointe along the cathode, so that we cen write,

This egquetion is anala@un; to equation (9) in the dark c:mrrem enalysis.
Let us consider Figure. (7}, where typicel ion and ale‘atwm drift pmm
are sketched. Bince the mean free paths of the ions sre very small come
pared to the eloctrode dimernsions, one cen consider thet on the awréga
in the steady state, all of the ions produced along & peth such s AB
will drift alcng AB mﬁa gtrike the point A. At & typicel polnt A,
the nm’bax nﬁ‘(y)of posi me 1c‘ms‘ striking the qmmé per square centis
meter per second is approximetely equal to the musber of ions px;pdaaad
per second along the path AB by electron collisions. The number of
positive iong produced per unit velume per aae'sémﬁ a§ Ry pminu mcsh as

7 slong the path AB by electron Ppollisions® !.ink. naglecting
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mce)mmmmam and diffusion,

d”¢ =°((Z,, “) ne (ZI 4 %) a/sz o (28)

where a{ (z,, y,)w the fonisntion coefficient 2t 2 point such ee 7 '
.c/sz is en element Mmlmmh along en electron path such s CD which
intersects the path AB at 2, and né ¢ 2'/,!/,)13 the number of sleo~

trons which pess & unit ares mr_p@dicular o the élwm-on path pay

second at & ‘pmi.nt such 28 P . The ‘Wtiwne(z; ’ !/,)Mpm&s upon ,’the
number of electrons leaving mmu- { and upon the integrated sffect |
of & (T, 4 )erom € toP. In eny lengthdss, elong the electron path

CD, we can write for the numbar of mﬁ g#lectrons produced,
0573 = (%, Y;) Ne (Xz, &) IS, | (=9

whioh can be integrated do,.

7 |
| | 4 (%, %) (50)
ne (Z, 2 9,} ] )Zc, (yz) e '

Bguation (27) cen now be given as, using equation (28},

8 8 .
”‘(y) = 7(9)/‘/”,0 = 7’7{/‘ (x/:.%) ’ze (%, ’y)) 0/52_ - (a1
A A |

which by substituting equation {30) becomes

P
V-] j‘((rza 9:)‘/52

[}
%c(y) = V(y) o (2, y/) 7. (yz) e G/SI_

A , o
which is an integrsl equation for )2 (y) anelogous to the integral

(32)

equation for X (y){equation (12)) which was solved in the dark currveny
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cage. The difficuldy in prooceeding with the solution of equation (32)
is now apparent. It would be necessary 0 put equation (32) in a fomm
analogous to equation (14); that is, eliminate the veriables Z,,Z,and
S, and retain only y, y, , and ¥p o This would require & knowledge
of the paths AB and CD, which clearly depend in tuwrn im & very mnmplm:i
way upon the distritution of spsce charge and hence upon 2, (y), which |
is our mom. In addition, since o( is a function of the’alectmé ‘
field strength and the aiyx pressure, the field strength must be deter-
mined in terms of N.(y). |

A reecgoneble firat simplii‘imiwn might be to =2ssume thet the
slectrons drift only in the =x- direction. Under such an sssumption,
there is then no need to consider the running veriables 7 ab,d. Y, 8nd

one obteins for equation (32) ths simplified form,

¢
~ 4 fxcr,%) ox
n, ) =D?9’/“ (2,y,) nc4,) e o'x (38)

[

In order to put this equstion in a fomm similer to equation (14), &
mowledge of the path AR and a rtalmic;ﬁ betweson of ( z, q,)nnd % (¢) are
still roqu&iml. The solution of @vm the simplified form @iv'en by
squation (33) 48 therefors still very difficult. |

Eqwtmn (32) exproeses the sslf-sustained nature of the glow
discharge. In addition we kmow thats the potentisl distribution in
the discherge must satisfy Poleson's equatloni the field strength intee
grated along eny path from ecathode to anode must yleld the same value
for the potential difference scross the discherge; the positive fon ve-

lositvies in the =x- &n& ¥- ﬁimwiona' ara/;é‘, a.nd/(l, 5;_, where /1/
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depends in an experimentally known 'way upon the ratio of fisld strengih
o gee preseure; the eigctﬁau velocities in the x%-aend y-dirvections.
ere 4 £, 8nd L, 5, » Where He 8lso depends upon field mtrength and ges
presgure} the qmanmity'ﬂgn dap@naa upon the energy of the po#itiie ions,
the fiold atrength at the cathode, the gas and the cathode material,
snd the condition of the eathods gurfece, and could probably be deters
mined by experiment. In prineiple, this information should allow'qne
to determine the ion and electron paths snd of (7,y), end thus put equs~
tion (32) in & form where 4% could be solved for n(y). A ¥mowledge
of ﬁc(c,) would allow one to csleulate expressions for the currents in
the mn§d9 and cathode leads ss funchtions of the alr veloclty a2t constant
voltags., Such expressions could then be solved to give the volisge as.
a function of vwlwmity et constant enrrent.

- hn analysis such as is indicated above, 4if it amula 1o come
pleted, would probably net ehack an actusl glow discharge an@momatar
experiment very well., This would be expected, since we have omitted
all threa*dimmnaaan&l effects, all viscoslty effects, all afféeta of
sputbering, all’feebmbina%iaﬁ and several features of the glow such e
the snode spot and snode drop phenomena, The operating charscteristics
of e particuler glow discharge snemometer must elearly 5a determined
expartmentally,

Hone of the above ateady siste dlaauawiou throws any 11@ht
upon the dynamic response of thm glow discharge to a fluetuating eir |
volocity. Z¥From & copsideyation uf the transid timau in the dark oux-
rent case, we could estimate the welocity fluetuation frequency ‘below

which tha:currant'faithfully follows the veloeity veriations. In the
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glow discharge case, the dynemic behevior involves changes in space
charge density and the shifting of the spage charge in a compliceted
way. ¥This nakes even en @stimatm of frequsney response quite diffi-
cult, However, an axperimental indiocation of the frequenoy response
wes given by Fhill&ym(xﬂ). Hw ilt 2 glow discharge mierophone whieh
was used in sectuel commercial broaﬂeéwting for a short time, FHe re-
'pwrtéd that the frequenay responsge could be improved Ly decremsing the
length of the positive columm; the positive coluan decresses as the
spacing is decreesed, Por a spacing greater than the Sﬁmcingy ugsed in
the glow &iamhargm anemomsater, he estimated the frequency response to
bs flat to bebter than four thoussnd cycles per second. Unfortunately,
he did not give any curves or other quentitstive date on the operation
of his glow discharge microphone. Since the apaaiﬁgs uuéd in the glow
discharge snenometer cen be medo short enough to eliminate the positive
column en%ireiy. one would expect the frequency responss %o be flat to

considerably better than four thousand oycles per second.
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I1I. DESCRIPTION OF BXPERIMYNTAL APPARATUS

A goenersl ploture of the experimental apparatus used will first
be presented, followed by & detailed description of the more important
features of ths spparatus. Tho datz obteined with esmch of these experi-
mental eetupe are presented in the next section of thig thesis.

The experimental work mesocisted with this research was concerned
only with the direct current glow discharge anemometer, opermted with
the anode current held constant. The olectrical circulit used 1s given
in Figure (8). It will be obmerved that this circuit is very simple,
conelsting only of a power supply, ocurrent regulator, and the-mdaming
circuits, in eddition to the glow discharge itself. Gmiae talkan to
provide adequate insulation end protection in the MWigh voltage portion
of the eircuit. |

The notuel pbyeicsl arrengement of this eircuit with the side panels
‘removad is shown in Maare (9). The bottom compartment of ‘the cart con-
tains the power supply, the sesond compartment conteins the gurrent
rezulatayr, and ths measuring instruments are on the top.

The mv!.ng,\ air streem was obteined 1n' geveral different ways as the
experinents progressed. The initial setup was designed to determine in
& gquick end only spproximete menner the aiy velocity renge and the cure
rent range through which one eould maiz;'ea;n a stable glow discharge at
near otmospheric pressure. Cfor this purpose the electrodes were simply
insulated and inserted into the throat of ﬁ converging nosnle, whose
throat diameter was 3/16 of an inch snd which discharged to the atmose
phere. The nogzzle was supplied through & stagnation chember and a lerge

storege tank from 2 compressor of sultable empacity. Throttling end
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POWER SUPPLY
Figure (9)

PROBE MOUNTED IN TEST SECTION

Figure (10)
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bloeding valves were provided so that the pressure Just ahead of the
nozgle could be set at a constant values. Pwvﬂ.'és.ma was made for ob-
sorving the glow through & microscope while 4t was in the air streem,

After the prsliminary survey date were taken, the glow discharge
anemone ter was operated at low subsonic velocities in the GAISIT 20 x
20 ;nah low turtalence tunnel, fIhis wind tunnel is designed to have
freo streoam turbulence level of only 0.03 per cent. The air velocity
wes adjusteble by speed control of the blower motors in the rengs from
5 to 30 meters per second. The free stresm veloecity was messured with
8 pitet tube and 2 micre~manocmeter capeble of measuring %o withia 0.01
willimeters of eleohol. The probe was atteched to an arm whicgpm«
Jected into the tunnel test section frem the bottom, and which could
be moved in the direction of the alr stroan by mesns of & traversing
‘mechanism} precision turbulenceeproducing gridé could be inserted shead
of the tes? goction if desired. Oomparison hot wire anemometer mensure~
ments were made with & platinum wire 0.00025 inches in dizmeter, ueing
an emplifier properly compensated up to ten thousend cycles par second.
A 12 4nch open jot was also available for low speed messurements in the
range from B o 30 meters per second. FProvision was made for observing
the glow thmu@z a microscope while 1% was in thie open Jet. '

The tests in the supersonic MWQ& range wam" performed ia the
GALOIE 4 % 10 ineh transonic tunnel. The Mach number could be sdjusted
in the supersonic renge from 1,18 to 1.5 by altering the jack settings
on the flexible throst. This tunnel is calibrated in such e way that
the fres stresm Hech number can be obtained directly from these Jjeok

sottings with & precision of about one per ecsnt. A Schlieren eystem
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was available, snd enabled ahmsk: wave photogrephs to ba’ taken) 44 slso
sllowed the Hach number to be checked Ly measurements of the lisch sngle,
The probe was atteched %o en arm which projects from the top of the
tunnel test section and I,whmh could be moved both in the aimétmn of
‘the 2ir stresm, snd perpendicular to the anir stresm by means c;.f 2 tray-
ersing mechenism, Provislon was made for observing the glow through a
telescope while it was in the tesb section. Figure (10) shows the probe
in position in the test section,

The most mmm&mﬁ single detall in these experiments was the probe
into which the electrodes were budlt. Pigares (11) and (m)’ are double
scale plkotches of two typical probes used in the low speed and in the
-mpamonic teats respectively. A mumber of other slightly modified
probes were used. For exauple, different electrode surface aress were
used, the anode ares was tried mw am#llw Aamd‘ larger than the cathode
ares, and the anode was offset very slightly aawnsm and upstresn of
‘the eathode. These changes did not affeed ﬁha ghape of the waiibmﬁun
curves in any significant manner. These probes are shout the same size
a# standard hot wire anemometer probes, snd are considersbly atmngga&.
. Foxr the probe used at wmrsanim mpe»éﬁ.‘a thin (0.01 inches) shest of
platinum was arc-welded to the ends of the projecting stesl axme snd was
ground to the proper izo. ‘.I'hi‘a‘ allowed the arms to have the strength
of stesl end #till provided the necessury platinum elestrods surface.
‘The .electrode spacings wers messured with & Beusch and lomd opticsl aé:m
parator ecepable M 8 precision of sbout 0,000l inches. The spacings
wore measured with the prebé in still airi in the supersonic tests the

gpacings wers eanamamb:ly deerossed by the aerodynamie forces whem the
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probe was placed in the sir stream. Trial and ervor adjustments and
careful polishing while observing the probe through a microscope were
nw%smryé to set the specing =nd to zet the slectrode surfaces exactly
flat and parallsl (ot szero alr veloeity) wi ﬁn sharp edges. One might
logicelly question the Qesirability of sharp odges and exact parallelism.
However, r:ﬁ.@;mimr adhering to ‘t;lwm@ eonditions appeared to be the only
way in which a glven elestrode configuration could be exactly controlled
end reproduced in studying the effect of spacing snd slectrode arss.

In the final design as an instrument which 4s calibrated before sach
uge, one would probably round the adges off, and m}@zt deliberately avoid
exaot parallelism,

& variety of anode and cathode m%ﬂmis were tried in order te
investigate the possibility thet there might be some mmbim?;ion of
materials with which the glow could operate with minimum sputtering or
meximum stability or both. The following materials of aréinary COm
mercial purlity were tried: alum&nuxra. iron, copper, tungsten, platinum,
tentalun, duraluminum, and elkonite. Of these materisls, only platinum
m:lowed the zlow to operate with 2 low enough nolse level and with suf-
ficient stability =2t aimosgpheric pressure. However, examining the
electrodes under a mieroscope after operation indiented thet platimum
spubttered as such oF more than any of the other materials. Since the
PIocesses impmrmnt. m ‘t;me gmw discharges stability oocur in the cathe
ode drop region, one would expect the chiodce of eathode material to hﬁw
a greator effect on the stability than the cholce of enode materdal.
This was found w be t;«m. ‘amd no ntgmfiwht change in stebility was

noted with 2 platinun cathode when the enode materlasl was changed from



4/

platinum to tungsten or tantalum, The fact that electrodes of alumimum
and %mﬁaluai. which ars known to operate with much less sputtering thesn
platinum at low pressures, ars unsstisfactory from & stability views |
peint suggests that ammm- sputtoring might be inherent in a gtable glow
&u_mharga 8t atuospheric pressure, It is possible some of the mmteriale
which were mwtiaf&cww might prove useful in either & purer form, or
with the pmwr deliberately added jmpurities.

The meter nsed for neasuring ﬂm Mméfwwm% voltags across the
glow discharge bad to be protected, sinse the voltage aérose the’ glow
would rise from the eperating volmém‘ of about 350 volts bo two or three
thousend volte (depsnding upon the specific variec and current regulator
mmtm@) ir th@ glow discharge wore %o suddenly become unstable and
be em%lnmahsa. This pmhwtion mn acoomplished (see Pigure (8)) by
putting in pamllel with the neter a wr&m of gléw tubes aalwtaa to
heve 8 striking voltage higher than the expwhd operating Wltﬂﬁﬂ of
the snemometer but low enough so that the meter would not be demaged if
the anemometer were @miumuhed. 0f course, the switeh in sories with
the protective tubes had to be opened when the glow d.&saharw wu inie

tially being established.
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1V, EAPERINENTAL RESULYS

The experimental obssrvations masde in comnection with this research
will now be presented. iany of the experiments were repested s number
of times. In such cases, the data of a reprosentative run are slven.
It will be observed that much of the deta has a considerable somtter
and thet many points will have to be clerified before the glow discharge
anemometer 1s & finished or oven & useful instrument, At several points
in the course of this work thers wes the choloe of concenirating on the
improvement of a given characliesristic or of leaving that charaecteriastic
in a somewhat incomplate state and proceeding yith ankaxploration of
addi tional properties and characteristics. The latter course was chosen,
since it was felt that this research should provide a general foundation
upon which.the development of the glow discharge snamometer &8s » work-
ing instrument could be based.

Ao Zero Velocity Data

The first m=tter which.faquire& inveatigation was the stability

of & glow discharge at atmospheric pressure. Platinum slectrodea were
used. Figare (13) shows the results of a typical run made with the sur-
rond et five millimmperes and with an elactrode spacing of 0.0071 inches.
“he voltage was recorded every thirty seconds for an hour and fiftaen
minutes after the glow was ostablished betwesen freshly polished eleo-
trodes. It will be observed thet after s ten minute warmeup period the
maximum deviation from the mean voliage of 356.5 over a period of
sligzhtly more then an hour was only about one part in 800. In order to
achieve this degree of stability, the current had to be adjusted to &
low enough value to prevent the cathode glow from extending over-the'

edges of the cathode., ¥ith the elestrode configuration used in teling
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the data discussed above, the cathods glow appsared to cover the cathe
ode at a current of 8.0 millimmpwras. The deviations abmuﬁ the mean
voltage after the first ten mimmt@é’mr@ presumably the effects of spub-
tering, loeal disturbsnces on the elsctrodes csused by minute impurities
‘in the electrodes, and local eir currents set in motion by comvection,
Apperently about ten minmutes of operation are rWQRir@d to “conditian"

the electrodes and to reach temperature equilibrium. Thiu»“e@ndﬂt&onw
ing' time was uonsiatan%ly obsorved when first esteblishing the glow with
newly pollshed @leétmd@s. aven though the electrodes were ‘camf‘ully
clegned to remove grasse end dirt. Axsmination of the electrodes under
& micrescope after sustained operation revealed a shallow crater in the
surface of the cathode and & corregpunding mound of deposited material

on the enode. At specings below about 0.0035 inches, this mound of
materisl on the anode csused the dischergs to short itself after about
one-half an hour of operation., (This did not occur when operated in sn
sir stream because the perticles trensforred from the cathode ware
 practicelly sll carried downgtreem with the gir.)

The effect of pressure on the direct current voltage at cone
stant current and at zerc veloclity wes investigeted by simply operating
the glow discharge inside absm&lllpr@asur@ chamber snd recording the
voltage &8 the prossure wes varied. These data are preaent$d by Figure
(14). 1% became more difficult to establish a stable glow as the pres-
sure wag increased. An incrpese in air pressure from stmospherie pres-
gure to 45vpbunﬁa per squers inch coused a voliage inorsase ﬁf 17.5
volis. When operating the.glmw diacharge in 2 moving alr stream, an
incresse in velocity wns accompanied by a voltage incresse and by a

daaregs@ in the pressure between the electrodes. Therefore, in view of
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Figure (14), the pressure effects cannct amﬂoumi for the increase of
voliage with 1ne§emsing veloeity., Fupthermoras, at low auhsonim vmloci»
ties, the changes in pressure will be conaidersbly less than one pound
per squere inch, and the "nezative! pressure offects will not be signie-
fiamnt. Ko data were taken at pressures 1@35 then atmospheric; however,
since the mean free peth depends ﬁmvara@ly‘on pressurs, one would expect
that the voltege would change ébwut 28 much between 158 and ?;5 paﬁnﬂﬁ
per square inch as 4% did betwsen 30 and 15 pounds per square inch.

The offect of smblent tempersture on the voltage across the
glow was determined by placing the probe in an. oven snd allowing it to
resch temperature equilibrium, end then establishing the gimw'énﬁ record~
ing the voltage as a function of time as the new teuwpersture equilibrium
was reached. These date are plotted in Pigure (15); the prob@ w@s of
the type shown in FPigure (11) end the spacing wae 0.0060 inches. The
glow was operated for about 10 minutes to Neondltion® the electrodes
before the first run., The voliage changes are presumably ceused by ex-
pangion of the electrodes end the slectrode supports and will, therw;.
fore, depend upon the particulay construction of the ﬁrﬁbe uged; the
effect of ambient temperature changes of = fow hundred degrees Fshrenheltd
on %he.mtomi@ properties of the gir is considered to hm?@ only a ne@ii?
g&blé,sffe@t on the voltage. The rather interesting behavior during
the Tirst minute after %hé ¢glow was established is believed to be due
to & combination of the effects of loesl convection currents snd local
4axpanuinﬁs 88 part of the heat produced by the glow is conducted elong
the electrodes to the Wu@yorts. causing o new temperature equilibriue

to be remched. %Yhen operating the glow discharge in en air streanm a
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layrse partmm of the beat pmaumeﬁ by the @'Mw is carried ﬁnma’cmam.
end the heat tranafer from the probve ia iucmawd aa the veloclity ine
m}mams. The wﬂzpsammm of the probe therefore decreeses. However,
the probe t@np@&a.mm probably does not change more than twenty or
thirty degrees Fahrenheit as the velocity is incressed from a few meters
per second to fifty or sizty metem‘pmr second, Compariam of E&g&mém
(1\5) end (18) will thus reveal thet only & small pert of ‘tkjm nbsaﬁeﬁ
voltage change 1‘5' tue to the epacing changes éwawd by temperature ef-
feots. Furthermore, since 1{: requires several mimates to mmh tampb!w
nture @qmlibriwn. mpid mlwﬂ.ty fm@mmiom guch as tnrmenw wi.ll
couse no am;wcmhla change in spacing. '
B. Subsonic Velocity Data

As indicated in the soction describing the spparatus used, a
preliminary survey was first made to rmg,hlrr determine the veloecity and
ourrent renges through which a steble glow discherge could be maintained.
In this sarly work, the spacings wrél ot meagured with the »taptiwl GO
peretor later used, tui were cstimated by means of a féﬁler aeuge. Also,
the wslocitiea could not be messursd dlrestly) instead the pressure aﬁﬂ,
temperature Just ahend of the nozals (which exhamsted to thé atmosphere)
were read. These approximate date are presented in Figure (16) and (17).
It will be obs@rwé that m. the veloelty was i.nérem%d, the ﬁm@ﬂ
necesssyy fox ;estm‘blé operation Iz‘umwim increnced, It should hé noted
that the glow discharge was essentially operating in sn open jét. and
wag therefore at appmximtely atmoépheriﬁ jpmamm. The slectrodes
used here had a ammllar surface apes than those used in tha nore precige

tests mede later; obssrvation under & mwraacope shewad thet the (mmm
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glow extended around the edees of the eathede for curronts memter than
aboul seven mi{llimpemm, Although using the ovressure dats tuken, one
could celculate the welocity in throat of the nozzle in the ebsence of
the slectrodes with reasonsble scouracy, it ieg difficult to estimete
the velocity at the throat with the electrodes inserted through the
walls of the throat. However it appears reasonsble thet es the pres-
gure shead of the nozzla reeches about 35 pounds per square inch, the
velocity at the eleotrodes is of tﬁa order of 380 mewrc; per second.
One thus concludes that a stable glow dischargs ean be meintzined
throughout the range from mere veloocity to high subsonlec velocities.
This result warranted a move careful study of the px;amrbma of & glow
digohargs in an alr stream,

After the preliminary survey amsam}a@d above, the glow dis-
charge was mpmmw& in the 12 inch open jet and in the low epeed wind
tunnel pmvimmlﬁ deseribved. The object of the tests performed was to
determine whether or not the glow discharge could be used to obtain
quantitetive measurements of turbulence at lov sir speeds. Specificelly
the decay of turbulence behind s one-~inch grid was messured and compared
with independent .maasux'emenw made with & hot wire snemometer. Before
dlscussing the results of this deemy study, the problems encountered in -
celibrating the glow discharge enemoneter will be considered.

5 econsiderable emount of time was gpent in trying different
probe econfigurations and different cmthode aress, and in leayning how
to get the elsctrodes parallel, how to polish the electrodes, and how
to set the spsoings. Observation of the glow (with cathode and anode
diameters of 0.030 inches) under a microscope while the mir velooity

was being varied revesled that whersas the cathode glow sppeared M_; neve
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unifornly downstresm os the veleclty wae increamsed, the snode glow ap-
poared %o move in Jerks. By decreasing the size of the mz».oii@ to 0.010
inches in dismeter the anode spot wes restricted $o one loeasiion, snd
the scatter in the data was somewhat reduced. For best operation, the
current was adjusted to allow the eathode glow to cover the cathode
ares at zero velocity. As the velocity wes incressed, stable operstion
wes possible until about one gquarter of the cethods glow had moved
around the downstraan 'cﬂdgf‘_:,‘n':a of the cathode, Farther veloclty ilnersases
then cauged insinbility. |

A typicel set of calibration curves is shown in Figure (18);
ench point was teken under squilibrium conditions. These character-
$etics were intendsd to be used in the following wayi ﬁhw inverze of
the slope of the curve of voltage versus veloclty le "Aé% 1 ot any mean
velocity U, messured alternating veltages ceused by turbulence cen be
gonverted to alternating mlwi ties by rultiplying by 24:7, .‘ provided that
such alternating volteses ore so small that ths curve is egssentially
linear in the x*mm traversed. This ealibretion procedure aswimes thad
2t the froquencios considered, the curve taken undar equilibrium condi-
tions will alseo reprawnt the dynamic response. See previcus dige
cussion on Page 33 ,) It will be observed that by properly selecting
the spacing, soveral gensitivities are swvsilable in any particular ve-
loeity renge; the linear portions of the curves would presumably be used
whonever possible., The curve ;g;ﬂ.w:mkim Figure (18) for a specing of
0.0067 inches shows a definite devistlon fmm the goneral trend of the
curve in the viciriit;y of 14 meters per second. Such behavior was not
oharacteristic of eny particular spacing or of sny particuler velocity

renge. lot 2ll seta of oalibration purves showed such an snomaly.
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However, since such behavior could not be predicted, and was never
entirely sliminated, 2 set of calibration curves illustrating such
behavior is presented in preference %o & smocth set. -

Gurves taken at other valuss of current are similar in thelr
dependsnes upeakagacing; E@wevér, 2t 2 given gpacing, decreaged cur-
ront caasés the woltage to inerease more rapidly with velocity and
raises the level of thé entire curve. This is illustrated by Piguve
(19).

| It tcok about 2n hour to take the data for one veloeity
characteristic such as those shown in Figure (18), since at each point
the glow wes allowed to operate for seversl minades to insure the atteine
ment of equilibrium conditions, If the va}tagp was then agpin Tecorded
as the wveloeity wes slowly reduced, it was fcund‘tha% thg curve did not
exactly retrace itself; the amount by which the curves feliled to re-
srace themselves 1nereasedAif the current wasg incressed. This pseudo-
hystoresis effsct was atiributed to syuttering of the elecirsdes, and
is illustrated by Figure (20), where the upp@i curve of Figure (18) is
re-plotted, and the points itsken ms the velocity wes slowly deereased
sre included, It will be oﬁserved.that the direct current voltsge level
of the curve is.raisea ebout cne part in one hundred by spu%teriﬂgz the
slope in the linear §ortiea of the curve is not changed = graét amount.

For turbulence messurenents at 2 ziven mean velocity it is only
necessery to lmow the slope of the calibration carve in the vieinity of
that mean vgloeity. Since thé deviations from ths'mean velocity czused
by turbulence 2% low velocities are generally less then one meier per
second, thres or four points in the vicinity of the mean veloclty are

sufficient to establish the required slope of the voltege-velocity
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characteristic. One csn thus use cherascteristics such as those shown
on Figars (18) to select the spacing necessary to give the desired

' sensitivity and lipearity at the mesn wveloclty under consideration. The
actual calibration cen then be quickly made just nefore the alternating
¥ turvulence voltages" are measured by taking jnalt ensugh pointe %o
establish the slope of the charscteristic 2% the mean wvelocity under
consideration. After about tweniy mimates of operation, a qalck re-
calibration cen be made.

In messuring turbulence behind & grid, it appsared that since
the turbulence level might affect the cslibration, the cslibrating points
should be taken under the actual condiiions of messurement, i.e. with
the grid in the funnel, rather than in ﬁmbalené«a«freeff flow. wo
calivration curves teken immediately following each cther with and with-
out the scresn in the tunnel (=211 oither conditions being identieal) ars
presented in Figuvre (21}, 1% will be ebseﬁfad that the presence of the
screen (1.e. the inereazsed turbulence level) shified the curve upward
without greatly =ffecting the gsensitivity (slape)- & moYe demilad pre~
gentation of the effect of the mr”ssuleﬁcé level on the dlrsct currsnt
voltage is presented by Figure ( Z?Sj. The velues of turbulence level
were determined with a bot wire anemcuster.

From the sbove discussion of calibmtien, one concludes that
slthough both the turbulence lsvel and the electrode sputtering affect
the direct mﬁeﬁt Toltags Iejre}. ef the callbration curves, they do zmﬁ
greatly affect the slope afﬁ%he curves. Hemes, although the ﬁecessity
of repsated eali‘bm%iens» complicates the operating technique of the glow

igcherge anemometer, the ealibration procedure sutlined above zppesrs

edequate; it could probably be censié.arably refined. A set of calibration
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curves take*&ﬁat' intervals of about 0ne—half‘ hour during the courss of
‘geveral runs 2t 2 mean velocity {;f 11.3 meters per second is 1lusirated
as FPigare (23). These calibration curves are the ones which were used
in obtaining the date discussed in tif';e following paresraph.

In messuring the decay of burbulence behind 2 one inech screen,
the root mean squere of the alisrnating component of voltage =cross the
glow {of the afder of cﬂé volt) was messured as a fanction of tho dige
tence from the screen which produced the turbulence. Using the cali-

4

N a .
bration eurves ziven in Figure (23), the velues of ——— were calcu~
, ‘ 174

’

lated. The quentity —%’;—"’-‘—'was also &@temined independently by meas~
urements with & hot wire snemometer. A typical set of these data erpe
presented as Tigure (24). It will be cobserved that one run rade with
the glow discharge snemometer lies in the wicinity of the hot wire sne-
mometer resulis, while the other run has several points which check
nicely, but then deviates completely from the hoi wireg results. The
calibration curves used (see 3’1{;&2’@ (23)) were taken 2% the beginning
of the first run, end et the beginning =nd end of the second run.
Seversl other rung taken resul%sd in & decaw:r TV whs.ch la.y zbove the
" hot wire results for the entire traverse down the tunnel.

Some light is cast upon the irregular bebsvior shown in Figure
(24) by the film records of the slternsting voliage waveforms observed
on the oscilloscope while the dete wes being teken. Figure (28) is e
photograph of the type C‘rf"ﬁa‘fe_fﬁm cbserved while teking dsta 2% a point
such 28 polnt A of Pigure (24). Figure (26) is = photogreph of the type
of weveform cbserved at a point such as point B of Fizure (24). These
vhotographs were talen with 2 moving-filn camera with‘ a film speed of

about 200 fest per mimute; the horizontal gain on the oscilloscope wes
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reduced to zers while the pletures were béing token., It will be obe
served that Figurs {25) exhibits the expected random fluctﬁa%ions of
turbulenes. On the other hand, the weveform shomn by Plgurs {26) is
aefiniseiy not random, since the largs pesks occurring periodically
are &1l in the séme dirscticn. Yhere sprenr to be asveral possible
explenations for these uni-directionsl voltaze peaks! they may be
related to sputtering or loss of materizl from the electrodes: they
may be czused by sudden rapld chenges in the semsitivity; or they

Bay bve a@roﬁynamic-in pature. At the veloeity used in taldng the

data presented as Figure (24), tﬁs,sizs of the smsllest turtalent
adéies ig of the order of one miilimetery the spacings ueed and the
slectrode dimensions wore thus several limes smeller than thé sddies.
The ﬁa%ure of the flow betwé@& the electrodes un&eé such eonéitians

is an open question. The unie-directionzl voliage peaks could con-
ceivably correspond %0 & sudden instsbility or chenge in the flow cone
ditions éatweaﬂ the electrodes. Additionmal study éf the diserepeacy
between the measurements mede with the glow discharge enemometer and
with the hot wire snemometer is nooessary. The noiss levsl egeocinted
with the turbulence decsy msasux@@eaté (Figuro (24)) is of iﬁtexsst. '
¥ith the glow opersting in still air, the aversge elternating voltage
lavsel was about 0.004 woltsy this voltagé wes not e@mgleﬁely steady,
end worid nccasisnaily rigse %o several times the avarage‘value for a
fraction of a second. The alternsting volteges read and interpreted
A'as being &ué to turbulence were of the order of one volt et & turbu~
lence Level of mbout. two ge?cent end at 2 mean velocity of 1L.3 meters

' per seéead, j.0. about 250 times the average zero veloelty noise level.
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The free stresm turimlence levsl of the wind tunnsl uged is about 0.03
per cent ag measured by the hot wire snemomster when no turbulence-pro-
ducing grids are placed ahead of the test section. Since the sensi-
tivity as determined by the ezlibraticn curves was not greatly affecied
by the turbulence level (See Figure (21)) one would expect that the
alternating voltage measured =t 11,3 meters per second in the open test
seotion (i.e ﬁthwz a md} w.mzlsi e of the order of 0.015 volis.
[g,_gg x 1.0J | This was not tho cese. Instead the alternsting volt-
a?;ég in the open test section varied from two to twenty times this ex-
pected valﬁs during the course of seversl experimental runs. Evidently
the glow is sither extremely sensitive to lew turbulence levgl‘s in a2
.manner not predicted by the ealibration curves, or the mere presence
of the air veleceity without any ég:z}meia‘ble tarbulence introduces a
noise voltage fer greater than the noise voltage measured at zero vee
loeity. Additional investlgation of the neise g:ro‘blm is necessary.
C. Supersonic Velocity Data
The problem of making measurements in & supersonic air streem

with & probeetiype instrument ie complicated by the formation of shock
waves shead of the probe. It is impossible to make direct messurevents
of free atream conditions by inserting & probs of eny kind into & super-
sonic flow. One can ouly measure the conditions behind the ehock wave
formed ahead of the probe. If the strength of the shock wave is known
and 1f the menner in which a shock wave aliers the guentity being
measured is known, theq’the free stresm conditions can be célculated
from the measured data., Since the avaiﬁlable infématiea on free siream
"turbulence® in a supersonic air stream, and its interaction with a

shock wave, is meager at bsst, its measurement. by meens of any probe-type
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instrument w;ll be quite diffioult.

The glow é.iéc}mrgeﬁanemmeter was tested at supersonic veloci-
ties in the GALCIT 4 x 10 inch trensonic tunnel. It wag found thet the
glow was stable end could be opersted over 2 wide rangeraf gurrents.
Pigare (27} shows 2 Sehiieren pho%@ggﬁ‘&z:h teken while the gzlow was in
operation in a superscnic eir stresm, The photograch ehown as Figare
{28B) was %aken at the seme Mach m%r with the Zlow a‘bsez;t. By super-
imposing the neggtives cof these photographs, it wes observed thst the
glow discharge did not affect the shock wave system. These figures show
that the shock wave with the probe used is detsched and thet just shead
of the glow, i% is nommel %0 the flow direction. The sction of the
air stream in forcing the gla;v to the downstream side of the electrodes
is also éemézzgtmt@d. Careful visusl observation of the glow while it
was in the alr flow revealsd e luminous region tmiliz;g out of the down-
gtream side of the discharge. %Fhis effect was _ixateréreted a8 hoing
visual evidencs of the loss of peaitive ions out of the discharse.

<& typlicel currentevoliage e‘i&aracf%eristw. teken at z Hach mumber
of 2bout 1.2 is gven as Figare (8). The glow was stable at thie lzch
number at 2 current as low as sixz milliamperes and was observed to be-
coms more stable as the free siream iach number was inereased. This
behevior is different than that observed at high subsenic velocities,
where currentas of the order of 20 milliszmveres were required for stable
operstion and increasing ths welocliy z2de it more di.ffieu.l‘t to maintain
e stable glow. "i"here are two ressons for this difference. At the ‘%siach
number and stagnetion pressx%ra at which tﬁese date wore taken, ﬁhe pres~-

sure behind the nommal shoek wave just shead of the glow is only shout
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GLOW DISCHARGE ANEMOMETER IN SUPERSONIC AIR STREAM
Mach Number: about 1.2
Figure (27)

PROBE IN SUPERSONIC AIR STREAM

Mach Number: about 1.2

Figure (28)
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0.65 times the etmospheric pressure; this reduction aé’ pressurs 18
favorable to the stebility of the glow. Sscondly, since the product
of the velecity szhead and behind of 2 normal shock wave is a constand,
the veleeciiy in which the zlow dischargs fin&s 1tself decraasés a§ the
free strean iach number is increased,

A typical curve of the divect current voltage across the glow
discharge 23 & function of the freec stroam Mach mumber is ‘gi;ven a8
Figure (30}. Tn view of the discussion in the preceding paregvaph, it
is not surprising to see that the voliage decreaées 28 the Mach mamber
is incre=sed. |

A gualitative indicetion of the response of the glow discharge
to the velocity fluectustions in & supsracnic air stresm was obieinsd by
observing the oscilloscope as the probe was moved ints the boﬁada.ry
layer, which was visible on the Schliemﬁ viewing plate, The aalbtemating
voltase signal observed on the esaillaécepe wag of the ssme gegeral naturs
a8 that observed 2t subsoric velosities, but was &t = much higher fre- | :
queney. 48 the probe was moved imto the boundary layer, this signal was
inereased aboeut tenfold., The alternating signel was slso obaeﬁe& es
the probe was traversed throug: the weke of a 0.014 inch wire which was
stretched across the middle of the test section. At e distance of eight
continoters behind the wire, 2 peak was obszerved in both me alternating
signal end the divect current voltage as the probe passed through the
top end botton of the wake; batween these peaks (1l.e. direectly bebind
the wire) the volteges dropped %o & valus about equal to that ehseﬁed
several centinoters sbove snd below the wire. 4t & distence of 35 centi-

neters behind the wire, = single smaller voliage pesk extending across
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the erztim wveke was obgerved. It thus sppears that the glow discharge
_ responds, &t least in a qualidative way, to velocity fluctuations in a

supersonic alr stream.



V. OCEOLUSIONS: ‘3‘?.?{&23*1@?4? ¥0H

A glow discharse can be mainideined and is stable in a trensverse
air atream ai prossures nesr atmoscheric throughout the subsomic voe
locity venge, and al supersonic air velocities wp to z Hach number of
1.5; there are no indications that this iach rumbsr represents the
upper Limit of the velocitiss at which stable operaticn ig posaibdie,
With the current held constand, the direc$ current voliage acress the
glow discherze resuonds quantitatively and in 2 reproducivle mamner
to velocity clenges with 3 sensitivity depending chiefly wpcon the space
ing between the slectrodes. The pressure and‘temperature-changes
acoompanying velocity changes énd the zerpdynamic forees affect the
slectrode spacing and therefore the voltage, but their effset wes shown
to bes of second order imporisnce compared to the effect of weloeiily
chenges.

A eslibration preocedure hss been developed for the glow discharge
anememaber and waz used in measuring the deecsy of turbulences behind 2
grid at low subgonic velecities. Comsrison with decey zemsurenentis
neds iadeﬁendéntly with & ot wire sneromeler under similar fiow condi-
tiong showed that the glow discharge data wes quite badly scatitered and

wes somewhat inognsisient. This inconsistency, which i{s probably ceused

¥ sputtering of the electrodes, snd the problem of confrelling ths nolse

o
=

lavel must both be resolved befors the glow dischargs snemomoher can boe

cme zn accurete instrament, The zglow discharge was shown %o respond

Q

guelitatively t¢ veloclty fluctuatlons in & supersonic air stresm,

The tecinlque of operazting and celibrating the glow discharge
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@m@mmﬁeﬁez’ ig, 2% yresent, quite difficult. The physical size of the
wrobs uged is compersble %o the size of 2 hot wire enemometer probe.
Any prove-tyrd measuring ingtrunent whieh is inserted inte an air/stréaa
influences the conditiens a2t the point of memsuresent. Thisg influsnce
ig present at 21l velocities =nd complicetss the interpretstion of the
results cbtalned. At supersonic velocities it takes the spectaculsr
form of = shack wave. |

A theory of the dark curront dischargs anemometer hag been
devaloped, and 1% zives results whieh agrse in form with reported ez-
verinental mesguremsnts. This thesry considers the currvsnt dscrease
of a dark carrent discharge oparatgﬁ a2 eenstan%,veltags observed s the
trsneverse a2ir velocity is incressed, %0 bs dirscily tha(éasult of the
vloss of %hsée positive ions which é?e blown out of the discharge spaeer
by the #ir stresm. A quelitative thesry of the mechenism of ths slow
discherge snemometer and the firet steus of the corresponding guentidae
tive analysis have bteen developed. This theory considers the voltage
increzse cbservad aé a glow dischierge is operated at constant cu?rent‘
and a8 She btransverse air velocity is increased, to be the result of
the 1oss of posiiive ions from the discharge, and of thsvreQdistribu%ien
of the positive ion spacs charse necessary to allow the glow discharge
to sustain itself, The lozs eof positive ions from thé glow disecharge
in 2 high speed sir stresm was abserveéivisually;

It is evidsnt a2t this point that o considerable emount of addi-
ticnal research is necessary before the glow dischorge ancmoneter or
eny e discharge anemomster will Le 2 useful tool in fluid mechanics

research, The key to the improvement of the glow discherpge sncmometer
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appears 0 be & betlter understanding of spnt%ez-iﬁg end i%s sffecis. A
detziled cxperinental study of spubtering at atmospheric pressure, pos-
aibly with an accompenying anaelysis by the methods of wave mechanics,
might indicate 2 methed of reducing the =mount of g}:mt%eriﬁgj.' Yhe use
of an slternating current glow dischargs operated at & frequency of the
order of kilocycles bms interssting possibilities in this comnection.

An asrodynenmic study of the flow %o be expected in the gap between
the faces of two cosxial solid cylinders seperated by a short spacing
end placed in 2 trensverse sir strezm in which the size of the turbtulent
eddies is of the order of the spacing, would provide é-ome 6f the }:aeke
grouud Imowledze necessery to properiy design the glow discharge zne-
mozeter probes, The results of such é:. siudy, tozether with 2 better
knowledge of syudtering, would probebly explain 'tha 'tm&uly largze and
erratic 2ltermeting voltages someiimes obtained in an agparént;y
turbulence-{ree sir stream. |

4 quantlitsiive study of the relaticnship between the corrent and
voltage of an arc dischargze operated in a trznsverse alr stresm =2t cur-
rents of the order of am?ezi'es migm pre‘e‘a useful in the design of =ir

plagt circult breckers.
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ATPEHDIX A

The integral equation (eguaticn (14)) derived to ensble solving
for the number of electrons leaving various points on the cathode per

squars centimeter per second wess

? : 5&‘{ (,'!".Vt)
T e ) e z o
hc(ﬁ = 7N, + 7 s e I (14)
3
.Yf/alf

where the coordinates and dimensions are defined as shown by Fimare (2).

Under the stated assumptions, o, #y , £, ¥, end U are all constents.

J
The functicn . (y) mwast be finite snd contimucus in the ran ; o< y<h,
mgt reduce te N, when y is gerc, and is zerc for nsgative valuee of y.

For velues of 7 lass then ;‘Q-‘% the lower limit of the integral
: P

in equation (14) is nesstive, snd may be set equal to zerc, since % (v)

i8 gero for ﬁegative velues of y. Thus, for o<y« -;L‘i, .

/t
Y 5-%85 O )
nWy) = 7, + Yt £ / Y (y) € dy, (34)
/4
o

which ig & Volterrs intesral eguaticn of the second kind, Treating the
integzral on the rizht side as a convolution integral, one can take the
Lenlace tréﬂaferm of both sides, snd obiain, using s for the complex

varizalbie,
/

s- ,"_fi&f « (38)

' E
ns) = e+ "52/;" 7,(s)
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Solving for N _(s), one then cbiains,
: LpLE )
o (S— '—6}—)
‘ £
s (s- (/+v)°i’—;—'°—)-

Taking the inverse transform, one arrives at the solution for 2 (9 ,

n.(s) = - {38)

for b<3 4/‘22, which was given ag equation {15),
# Lrp £ (1+¥)y

X (y) = v ) ] (185)

A solution for the ranga]_;é’. < _'1( UL cen now he obiained,
#pE Vo X
To save ra-writ*ng-the groups of constents which occur in these equa~

ticns, let equetion (14) be written in the form,

: s - < ly-9,)
W= a+ b | nly)e 4y, , (37)
Yy

where the values of a, b, ©, 2nd 4 are easily determined by direct
comparison with equation (14). Differentizting both sides of this

equation, with respect to 7,

¥ cly-4.) , |
{/—1'3-‘—@— = bc‘:/nc(y,)e o, _be 'Zc{y"d) + 67:(9) (39)
v R

which by using equation (37) can be re-written eas,

, . cd (:
J | |
Collscting temé.

| .
,‘d;z;(z) = (6+¢c) 2 (9) ~ ac—-be . (4-<) o

in the range —— Y4 < < 204 o the function 77 (y—lehera d= V4 4

. A Hp& ,a,f

known frem our splution for 77 (j) in the range o<‘§c< IM . In terms
'p

of the constants a, b, ami ¢ the splution in this lower renge is,
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(e+4) »
ny) = g (crbe ) (41)

One therefors obiains for eguation (40),
+6)(y-9)
cd b (
ac a , ,
ffi’_s_‘?l. =@+ N0y — ac —be ( *=5€ ) (a2
iy
which is = linesr equation snd can resdily be integrated. Using
-(b+c) _
é 7 es an integrating factor, and employing the condition thet
_ Ut , - o L4
at 5.- -——2_; » the solutions for y greater and less than o £ must be
< 29% 20’6

identical, one obtzing for & « Y
‘ /“7‘ /“/’E

~bd) )
cd R @+c)y
ny) = 2S  Bc e +fc"’ o e™” —ﬁ’ch(e (23)

+b c+6 ) :
c+b  (+8)? (b+c Lbd G4y
— ab’ e 76

Substituting the velues of a, b, ¢, end 4, S

—yll ‘
WXy | -Vl | L fpE (147)
R 4 ”ore +/‘97 ”o)’e + _)Z__d_ 4
/

= e
7&.;(.‘/) 74¥ (/.;(J" ¥ (/+3-) 7+ %) j

2 £ -¥%d i’g——(/v‘x)‘y/ (20)
- wf-——- e Cy [
v (+Y)

which is the solubion ziven as egquation {15). By direct subsiitution,
equations (15) =nd (16) can be shown to satisfy the original intesral
equation., The limiting condidions can be checked by noting that &e
solution in the lower renge avnroaches M, 88 ¥ approaches gere, which
is proper, and that both solutions converge %o the same value as ¥
epproaches thelr common @éint /—z—% » 1%t will be observed tha% as the
veleéit;rU is 2llowed to approach zero, the solution for the lower
range doss not directly approach the sclution for zere veloclty obteined

previcusly. (Zquetion (71))., ¥hig is not surprising sinee the range
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of validity, 0<y< U‘(’ ,0f the selution in the lower range alsa ap-

proaches zero 28 Vappmaehas Z8T0.

1f the solution N (y) is needed for ¥ > /‘3—-(—0-5-(—' it ean be obtained
o

by the seme method a8 wes used above, It is only necaésary to resitrict
L

206, 304 304 < e 204,
/afqu fpE - 7 Mpf

ete. At each step in the contimuation process, the term 7 (y-<) is

the variable successively %o the renges

known from the soluticn in the previcus range.
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APFEIDIX B

The current _Z'é} flowing in the ground wire as shown in FPigure (3)
mast, if the potential lovel of tho entire circuit is to remain con-
stent, equal the number of ions blown cut of the dischargze per second,

multiplied by the chergze per ion. ' Tnopefore, the relation,

Io=L—- L. = ? { glﬁfgzg’ogi ;z? second} (e
rmust be true. This relation can be checked by directly evaluating the
number of ions blown out of the discharge, and comparing with (.- Z.).
The number of iozms blown oul of the discharge per second in the steaéy
stets is Just the mmzéer produced per second in the space labsled ABCD
of Pigurs (3). Fer‘ﬁhe aip vélccity, field strength, =nd elsetrods widih

$llustrated in Figure (3) this mumber is given by,
At £ 4

U 4 ox 4
Af - c(e".x[f ﬂc(:yldy] Jx + ol & [fﬂc(y) dj] A/,‘Z — {_45)
h-TOx ° »
pt - Kppk
v
This expressian can bs re«written as.

LS 4

# 25 4
/‘2’ = “Iedx[f”{y)‘ly /”c(y)ly} dx + de [[”6(7)‘/7 a,x (a7}

o -—1"’"0 £
U
By properly combining these in%eg;rals one obiains,

Sup® Ux
U —
M=« “’[ ncmdyjclx | / '(’l: hﬂ:(;.)o/j] dx . (48)

o
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By interchanging the order of integrztion on the first integral, and

perforaing the X integreticn, the emression becomes,

/’/’E |
= (e —/) n.,(y)a’y /a’e [/ ”c&“"j] dz . (49)

Exsmining this expreselon, the first term on the right is seen to be
the nucber of ions produced per second in the entire discharge; the
gsacond term is just the mumber produced per second in the spsce AIE
(See Pigure (3)), end is therefors ths number which sirike the cathode
per second. Their differsnce is clearly the nwﬁber blown out of the

discharze per second. ¥riting now, from equations (17) snd (18),

A - rh
otls .
Zy- L. =;e ‘/m(y)c‘{y o nipdy — § [ nptpdy (50
o [ (]
and cellecting terms,
| ‘ 4 A _
1, .
_'_Z-_‘_‘_.—__{‘.: - (e.(—lf/ﬂc(y)c‘fy - /)’Zf{y) afy (51)

f 5 >
The first term on the right of this expression is ecuel to the first term
of egistion (49) and is the mumber of ions produced in the discharge
per second; the second term is simply the mmber of ions striking the

Za-Le is clesrly the mumber of ions blowm

cathode per seccnd'. Henee

TR S

out of the discharge per senoné,
As exemples of equstions (17) and (20), teke the case where the

eir veloecity, field strength, elecirode spacing, end elaectrode width

T4
are such that.”_é_ >h . Then N (y) in the first range, a«’g(/a/’[

Va4
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applies to the entire csthode, and the anode ecurreni becomes,

zZ, = W,A?e _g‘n,b'v'e e _
/+Y (/+%¥) a(/a/,E ~

4 .°!£‘£.__ (1+0) 4
) {52)

and the esthode currant becomes,

Yo Ug/
(/*b’}d/&,

g -/

L, = (53)

cppk (1+3) K
it will be seen that thess expressicns satisfy equation (22). By
dividing by the value of current for szerc velceily given by squetion

(21), one obtains.

ok (14%) A ‘Z
7]

Za = (1+7%- re""’}z e — 1] | (59

o

/+¥ (+a/ ’4 23

oL fep £ A
[/4—3’—)’:0“) U (a4 (r+7)

< = «l e -/ (88)
I, (r+7) foc/a/, £e .

Alihough it would be slgebrazically complicated, equstions (54)
end (58) could be solved for the voliage scross the dischergs &t con-
stant current if such informetion were de‘s-ired. One would simplyaget

£ emusl tw ZK and o« aqual o the a@pmximaté expression Ap e VvV
snd solve for the voltage |/, 7The constents 4 and T for various gmscs

are tabulated in references (4) (5) and (&).
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LIST OF §VMBOLE

first Townsend 'ceaffieie'nt.

aversge number of elsstrons released at any point on the
cathods per bembarding positive ion.

electric field sgtrength.
electrods width.
slectrode sepsration.
electron mobility.
positive ien mebiiity.

total zxmber of eleotrons lsmrin,g aay point on the cathode
por unit ares per sacond,

nunber of electrons cmssiagg 2 unit ares per second.

nusber of éléc%mns leaving the cathods per unit area pex?
second. 28 8 result of excitation from cutside the dischargs.

number of positive lons siriking sny point on the eathode
per unit arez per secoad.

distence aléng the elegtron paths.
mean aly velogisy.
sngle by which ion paths are inclined from the x axis.

coordinate perpendicular to the sir flow direction.

':a'a.xzz:x:‘i;m~ coordinates in the z-direction.

coordinats in the direction of the air flow.

zunning eoordinates in the y=direction.



(1)

{2)

(3)
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