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The basic physical process considered is the appearance
of a pressure gradient in a slightly ionized gas under the in-
fluence of an electric field. On a molecular acele this pro=-
cess involves the acgeleration of ions in an electiric field
and the transfer of momentum to the main body of the fluid
through collisions.

A particular phenomenon involving this basic pfoceas is the
pressure gradient in a point corona discharge and the resulting
"electric wind®., The experimental arrangement studied is 8
point to a downstream coaxial cylinder discharge in air,

The aifficulity of applying boundary conditions to the
mathtmatical deacription of the proceass requires some simplifye
ing assumptions. A simple one=dimensional model of the physical
situation is considered, the electrical field equations heing ap-
vroached from the considerétion of a space charge limited current.
The functional relations derived appear congistent with the ex-
perimental results for the limiting caeses implied by the assump-
tions,

Velocity variatioﬁs encountered in the induced flow of air
present questions regarding the bulk parameter which describves
the molecular interchange of momentum, the ion mobility. ‘ihile
this experiment was not for the purpose of ﬁeasuring ion mobilie-
tics, it is velieved that in any applications involving the basic
process in the working fluid of the serodynamicist the time, dene
aity, temperature and Humidity dependence of the ibﬂ mobi;ify ree-

onires data which is not now available.
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a » 2/€
A Cross sectional area of tube.
o Electric field strength,
i Current in amperes
J Current density - current/area,
k Ton mobility,
L Axial distance between electrodes.
P Fydrodynamic pressure,
U, " Airstream velocity.
up Ratio of airstream velocity to the maximum ion drift
velocity.
v Electric potential,
Axial distance measured from point.
€ Dielectric constant for air,
n .Efficiency in 7.
9 Air density.
1+ Charge density.

A rationalized lengthnemasc~time-charge system is employed
where charge is in coulombs, and, compatible with the usual aero=-
dynamic system, length, mass, and time have units feet, slugs, and
seconds. It 18 found convenient to retai: the volt as the unit
of electric potential with the result that forcc is given in volt-

coulombs per foot. In this system the dielgctric constant has

the value
€ = ©.70 x 1012 conlombs
volt=-fect
Tre hydrodynamic presasure in electrical units is in yolt-coulombs,

- ft 3
mar p in 1n/fte, ’

1 yolt-coulombs = 7376 1lb,
ft 3 gL«




|
¥
;

s o I Y €0 T

1 IR = e i

-l -

1. INTRODUCTION

With a view toward possible aerodynamic applications of

electrical field forces in an ionized gas there is considered

. here an effect due to such forces which, although small by

comparison to the effects of dynamic forces generally considQ
ercd is, nevertheless, real and measurable., This effect,
which is well known but of only passing interest to the phy-
8icist and electrical engineer, is the "electric wind" or the
flow of alir induced by & point coroné discharge.

The complete problem involves an interaction between the
electricol field and the flow field of the air. The electric
field induceé an ajr flow, and the air flow, established ac-
cording to additional boundary conditions, in turn affects the
electric field,

To prevent the analysis of the problem from becoming hope~
lessly complex so that the "how much" as well as the “why"
mey . be answered, & simplified one-dimensional model of the sy-
stem ia considercd. Tor this model aprroximations are required
only for the boundary conditions since the governing ficld ee-
cruntions arc quite simple,

Initally conaiﬁered is the pressure resulting from a given
electyic field and charge distribution « the chafge distribue
tion being determined by the properties of the ions, the prop-
eries of the air (ﬁﬁinly veloeity and density), and by the

electric field., Secondly, the effect of the airstreom on the
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electric field is estimated from the measurable cﬁarécterio--

tics of the discharge varying the air velocity. Then, for
given boundary conditions on the air flow the induced aire

stream velocity may be determined as a function of the elec-

trie current,

S wwnwwwwlmw
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lomentum Jixchange and Ton Mobility .
0f interest in this'study is the vehavior of a slightly

ionized gas under the influence of an applied electric field.
"Slighfly ionized" refere'to the proportion of molecules ion-
ized and does not imply that the charge density or the glece
trical forces on the charges need be small. The condition
trhrat the gas is elighily ionized holds gonerally'for & ;oint
corona discharce except.for 8 small localized region of bresk-
down ne~r the point. 1In addition, outnide of this localized
reglon, the lons are uﬁipolar, hnﬁ we may consider the motion
of ions of only one aign.

On & molecular scale the ions are accelerated by the e-
lectric field and interchange momentum with the neutrsl geoa
molecules b collision,

On a maeroscopic senle the bulk property which charcce
@efiacs this moleculay interchange is the ion mobiii@y. If
uj is tre averapge ion drift velocity and © the magnitude of the
electric fleld, then fhe ion movility, ¥, is defined oy

uj = ki

To show that ¥ isa actually'a parameter which relates the

clectric current to the momentur exchange with the gas, cone-

sider ion motion through s stationary gas. lultiply both sides

of the defining equation for k hy the chrrge density, 0,

b i AR
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Now, O uy is just the current density, j, while oE 1s & force
per unit volume or better a.pressure gradient exerted on the
fluid >r conductor,

The ion mobility is rqadilyArelated to the conductivity
éf a8 continuous medium, If the conductivity, c, is defined by

the relation

J = e where J ig the current density
then c¢ceok .
The conductivity is more familiar as describing the macrosopic
.properties of electron motion., In this case the momentum trans-
fer to a contiﬁnous medium is extremely small, k heing of the
order of 10% times the value for that of negative ions in air,

The functional relation of k¥ with the molecular jroperties

~of the lons and nentral molecules may be derived using the kin=-

etic theory of gascs af“er some suiteble choice of a molecular
model, Diffe;ent molecular models rcsult in differences in the
calculnted temperature dependence of k. Phillipgs)meaaured the
mobility of positive ~nd negative ions in air at constant pres~
vqure for temperatures between §4° and 411° X,  These results re-
duced to constant dénaity (using the perfect gas equation) show
the mobility independent of tempernturc above £50° ¥, In agreee

iment both expérimentnlly and na derived for all molecular models

.18 the density dependencé of k. The mobility is inversely proe,

i b o N
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portion#l to the density of the gas;

The experimental values 6f the ion mobility are not too
well defined except for well contr:lled experiments with pure
grscs where there is some certainty about the naturc of thé
ionss There is especially bome uncertainty about the walue
of k for the following experiments which were performed using
room air,

In air the nature of the ion is difficult to define,

™his is especiallyltrue for the rositive ion for which there

is a characteristic time at which ions of a different mobilily

appear; Txperiments indicate that for esmall time the mobility
of the positive ion is approximately the same as that for the
stnble negative ion « the mobility decrvnsing with time. This
"aéing" of the positive ion is generally accepted to result
fyom eombination of the fons with other neutral molecnules,
o giye an order zf magnitude Qf the eharacteristic time of the
ogitive ion Loebc states that "no more than two mobllities and
usuelly only one nobility appear for ions in a pure gas at any
age below 10«7 secondse"

The primary negﬁéivc fon in air in a corona discharge is
formed by electron attachmgnt to oxygcn‘moleculea. Thus, in
a nerative point corona discharge there is also a characterintic
ime for the formation of the negetive lons. This time dependernce
af thchion mobility Q;ll later be considered as a ypossible ex;
planation of varinrtions in the indnced VUlocity of the air in the

corona dischnrge,

™or certain liniting conditions the ion mobility may bve
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considered constant. As an example, if the electrode-geometry
and/or the airgtream veloeity are sueh that the time.of pesaage
of a positive ion is less than the characteristic time for whibh
ionenoleenle combinations are probable then the mobility may rea-
sonably be assimed constant,

-"'1th regard to the density dependence of k, in the experie
ments of this study the airstream velocities range only to the
order of 20Cft/sce. allowing the arproximation of an incompresse
ivle flow of air, It will further be seen that the electric
field forees are an order of magnitude smnller than the maximum
dynamic foreus of the airstrcam so that density changes due to
prugrure may be neglected, Thus, throughout the rezion of the
discharge the ion mobility will be assumed independent of denw
sityve

Approximate v-lues for the “aged® positive ion, k", and
for "new" positive lons snd negative ions, k¥~ , in dry air at
standard sea level density are

+ . -
¥ 2 1.5x 10 ft[sec
volts/Tt. (1)

Refs Thomson Pelfd
X .3 £.3 x 10°% ft/seq
volts/ft,

s ac il Niw‘w TR




Pressure Gradients in an Ioniged Gas

Consider the motion of a uniform airstream with velocity,

u, in the direction of & high voltage electrode point, Outside

T e ———_
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of the small region of bresakedown near a positive point there

is & density of :ositive charge, @, which moves under the aé-

RPN Y

tion of the alrstream and the electric field, E,,.

For this one~dimensional incompressible flow of air the moe

mentum couvation of continuum mechanics reduces to
Vo= o

lecey the rresoure gradient is rnroportional to the charge dene-

aity and the resultont electric field,
:’v‘ ' The conservation of charge is expressed by the equation
i T o (T+¥)
vhere 3‘ 1s the cwrrcnt denaity (current/arca) and k is the ion
mobility., The sum (G+k§) répregents the resultant ion veloc-.
ity =~ tre ion drift velocity, kﬁ, now being measured relative
to the moving airstream.

Tor the stotionery crse, ne0, the ;roblem is much sim.lified

since

Fa

cs il
X2

the current now having the same direction as =,

“"hus vpell_T 21
k 1% ¥

since as hefore 7 and J are ¢ollinear,

T T

'\ Lo P PR m‘ﬁ)m@i \;i.;‘

o,

i




R T RN AR AT

n R e

-

- 8 -

This rather simple rzsult shows that for this stationary
case the cvrcasure gradient may be determined withoﬁt aﬁy ex-
rlicit knowledge of the field strength or charge density vﬁich
may be difficult to determine for all but the simplest of
geémetriea. Chattock(4)used this result to measure the mobile
ities of lons rroduced in a jpoint-tosring corona discharge.
“nclosing the electrode pair in a‘glass cylinder and making
the distance between thelelectrodes large compared to the di-.

émeter of the ringAanode, the current was assumted one~dimene

sional gifing

ded

dx ¥
and Ap = 18
Ak

where § is the totml measured currcnt, Ap the pressure dif-
ference anlong the tube, A the cross-sectional arca of the tube,
snd 4 the axial distance between the electrodes., %ith this
acrangement k was determined by measwring the pressure differ-
ence and the current, giving the "right answer® after some
manipulation with the geoﬁetrical pareneters.

Tor the‘c#se of an air flow superimposed on the discharge

tve problem is much more complicnted even with the one-dimene

gional assim tion which will be maintained, The one dimensional

wmentum equation is

4p =07
dx
wherc now

neks
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giving dp = J &
: ax u+kt

In an integration over x the current density might lege
itimately be assumed constant if the electrode spocing is larée
compared to the radius of the outside electrode, However,
the field strength now appears explicitly. An attem;t.to
aoply the simplifying assumption of 2 one-dimensional field
lcads to some difficulty with boundary conditions especially
at X = O, i.2¢, in the neirhborhood of the point. Here the
field is hiphly non-uniform. & condition which is necessary .
for the occurrence of the corona discharge,

The problem of determining the pr ssure difference across
the corona discharge from the above equation resolves itself to
finding an approximate oneedimensional expression fqr the elece
tric fields This reauires a consideration of the characterise
tics of the point corona dischavie nnd‘how these characteristics

arc affeected by an airs am.

-
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The Point Corona Discharge
The electrical diécharge et a point may be described in
various phases, Tor a positive point the phases may be enu-
merated as follows:
l.] Conduction below ionization by collision.
Tor low applied voltage the current to the point dee
. pends upon iona produced hy an external agente In rormal
room air the magnitude of this currcnt is minﬁte and dig=
continuous,
fe) Conduction with Ionization by collision.

For higher applied voltages the field strensth ine
crengses Lo the point where electrons resulting from external
“ioniztion ganin sufficient energy in the field to cause
furtrer ionization by collisione For sufficiently large
field atféngth the "Townsend avalanche" effec¢t results in
a current pulse, which greatly magnifies fhe effect of the
originrl electrone.

2,) The Geiger Counter rezime,

Tor 8%ill higher field strength a single externally
produced ion rcsults in an "avalanche” in which sufficient
radiation ia 1roduced to cause further photoelectric ione
ization in the gas., A large current pulse builds up to a
point where the space charge distortion of the fleld chokes
the process of ionization by collision and.the disbharge'

" cengen,

dhavilibe abilacndec Mool s tnbak &
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4,) Continuous corona regime.

For yet highef applied voltages the opace charge'dia-
tortion cannot reduce the field strength to the point of
choking and there results a sclf austgined-discharge.

The visible corona glow now appears about the point, This
discharge can be maintained in the abscnce of another ee
lectrode by photoelectric ionization in the gas and at
lower potentials by additionanl photoeclectric ionization at
another electrode,
A5.) Breakdown stage, .

The field strength may be increaced to the point where
the breakdown of the gas extends scross the electrode gap.
This may initially be in.the form of “pre~breakdown stream=-
ers" or'vbrushes", T™inally, the corona discharge culminates
in an arc discharge. '

The only phasac of the discharge which is considered here
is the continuous or self sustaining discharge., Turther, it is
considered only from the viewpoint of continuum mechanics with-
out reference to the "mechanistic" descriptions of electron ave
alanches, etc, ™ rom this point of view there are no distinctions
fo be made in the description of the electric field in & posi-
tive or negntive discharge. The only difference considered is

that of the bulk parameter k, the ion mobility.




foint to Cylinder Discharge

The geometrical eleetrode arrangement to be considered is

n ]
<3
dsaiskab bl ..vmum:“ iy m'“"'I“.
i ) it _— e

that of a point to coaxial cylinder with the oylinder displaced

i

downestream of the point as illustrated in figure 5, This ar-

* rangement presents 1tself as aerodynamically "clean" with ree

b A 82
i

sgect to the flow of air, This 18 important since in the meas= .

urements made the electrical pressure forces are of the same ore

.der of magnitude as the frictional forces.

The deseription of the electric field in such a dischrrge

A 1.

presents a difficult task if an exact solution is desired, Even

.

for the simpler ense of no space charge, exact solutions are

; = I" readily obtained only fgr very simple geometrical electrode a}-
N §E rangements, i.,e, where the boundary conditions =re simply given
in an appropriate coordinate system., With apprecianle space
. charge, which is the case in the region near the point eleotrode,
the boﬁndary conditions to be applied in the B80lutions of the
v | field eoanation arc not only difficult to express mathematicelly
but are difficult to determine, |

Reasonably accurate solutions for the infinitly long, thin,
wire to coaxial cylindcr corona discharge have been deweloped

(2)
and are presented by Loeb, A solution of lLaplace'a equetion is

B o wdip g

derived neglecting the apaée charge outside of a cylindrical
surface at which the boundary condition is applied, This pro=-
cedure'éf neglecting the apace charpge and using Laplace's |
~uation &an an ap;roximation 4o the field seems to be a generally -
accepted method of approximating the field for general electrode

arrangements, ) Ty
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If thie approximation is accupted for the point corona
discharse, then it would be expected that pressures due to
womentum exchange would dominantly occur in the vicinity of the.
point.electrode where the field forccs as given by Laplace's e-
auation are extremely high, falling to negligibly smnll values
over a dist nee emall comparcd with that of the electirode space
inge XHvidencc that this is.not the casﬁ is presented 5y~0hat-
tock(4) in his preliminary investigations of the pressurcs on #l
flat plate inm a point to plane dischargec, Iiressure distributions
were obl  ined at gonstant current and electrodc svacing fbr two
casce. The first cnse wes for a simple point to.plane geometry.
The second case.involved an ndditional elecetrode surrounding the
volnt which collimated the fleld excert in the neighborﬁood of
the points With the field collimated the pressure distribution
wrs sharply pecked just opposite the point and fell off rayidly

with the radial diet hce from the centerline, ‘ithout the célli-

mntor the pressurc distr bution w s relatively flat with apyreci= ‘

ahle pressure being meint-ined on the platc to -he limit of the
traverse uwechanism, Chattock's conclusions were that

"The pressure ¢ennot be due elther wholly or in considerable
part to the imvarting of momentum to the mas at the yoint itselfs
otherwise the yresgure curves a and b would be alike, sinec the
field at a discharaing yroint is const nt for a glvwn current®,

Thie evidencc and the apperent success obtained by Chattock
in vsing a one«dimensional ~nalysis in thc poin't ‘to ring dfacharge
discouraged the usc of an clectric field calculated by neg-

lécting sunce charge &nd 2p1lylng this result to deturmining the

- il D
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prersures. Such an analysis would be productive if a suitable

boundary condition could be calculated and applied at some sur-

face outside of the immcdiate neighborhood of the point 1.c.,

at some surfrce outside of which the space charge might legite
‘motcly be neglected in describing the field. Such an analysis,
while comrlex for a stationary fluid,becvﬁea further complicated
f£ar the present ense in which the air stremm and the discharge
are interdependent. The airstream influences the boundary cons

ditione of the electric field and the electric field in turn

influénces the induced voloeitiecs duc to the pressurc gradient,

The simylified model to be conslidered is that of & onerdime

T e R ol sl e el D . i b o i
3

‘ensional space charge limited current in a one-dimensional ine ‘ :
< comproaéihlé flpw of air, The one-dimenslional ascumption is
amaintsined throughout, inecluding the ion source., The ions are
assumed to emanatc from a planﬁr'sanrcm at =~ otential equal to '
U thrt of the starting otentinl 6f the continuous corona dischargc,
The poientiAI droyp or ﬁnode-f&ll is trken as the diffcrence bee
tween ‘the arpli«d rotentinl and the st rting potential of the

discharpe, This cnergy loss may be c¢snsidered as that recuired

T LT

for creation of the ions including losses by radiation, excited

ERNE LT TN P SR

wlec:;lar stat.s, and chemical reactions as well ¢s the energy

nanifesting itself in usefrl ioﬁization.
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The Electrig Field in One Dimension

If D is the electric excitation in units charge per unit
area and @ is the charge density in units charge psr unit vole
ume, then ‘

D=6
T'eing the electrostatic charge-force relation given by
Daed
where & is the dlelectric constant, the differential equation

for the electric fleld vector, -E?, 1s

-y
v. h .’-’-
}.‘a - L

For the one-dimensional case

L. O
ix 2

Tging the equation expressing the conservation of charge,

this becomes

o )
dx ~ ¢ u+ks

or

1 dlu+kn)i=d ax
% £ .

Integrating between the electrodes from x s 0 w}lich
is taken to be the edg. of the small region of breakedown
sbout the point anode and letting T, be the field strength 8%t
x® 0
(u+k3)? = (u+ksy)? =7 kix

1%
“-% [%kdx-ﬂ-(u-l-kEo)E] 2 -g_
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Thie expression may be further simplified if the one-
dimensional approximation is metintained by sssuming that the
ion source is o planar ionized layerj then Thonpaen(lhﬁhovs
that the field strength at the edge of such a plamar source
may be neglected, 'With this aspumption the eoxprescion for

t1¢ electiric Tield becomes

' 3
n8 1l 7 ‘."Jx+u2 ] T - u
¥ [ (A ¥

. aving an expressiosn for the field strength, the equation
for the prensure gradicnt in termo of § and u may Le writien
down immediately, 'Towever, from the prcosure gradient it would
be difficult to experiment=zlly check the validity of the onee
divenslonnl apsunption over any rensonable range of soir strean
vcloecities nince electric field forces become very small in come
yarison to the dynamic presoure forces and the viscous foroce
=t the boundary of the flow,

The range of vclocities and currents for which this ¢e
‘uatisn may bve valid ~ill he estimated by errrying the oneedime
ensional analysis further to obtein a relation for the current
in terms of the velocity nnd aprlied potentisl. These relate

long are yea 1ly cﬁecked ex;erimentally.
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One=Dimensional Voltage-Current Relation

As an electrostatic problem the field is irrotational, i.e.

E g« b where 18 the electric potential,

Thus,
%

¢g-°Ed.x

Integrating the expression for I from xe0 to xe £ and letting
AP &, -

A » S:'de-%f{ﬁakx-»ﬁ] *-u} ax

. %ﬁ? {[a,jk.&-c—u?] 'g'- uﬂ-l.% where a = %

To get an epproximate, explicit expression tor the current
the magnitudes of the various terms must be evaluated, especially
the constents of integration ®,. The ourrgnt as & funotion of
applied potential is zero up to a potential V s Vg which is de-
fined as the starting potential of the self sustaining corona
discharge. The current is primarily a function of (V - Vg),
the difference between the applied potential difference and the
atarfciné potential,

In an attempt to avoid the ‘details of the non=uniform field
assume that Qe V = Vg, 1.6, that tﬁe anode fall of potential
is V = Vge Considering first the simpler case for us O

A#.V-Vg-%% ajxs] ¥

3efore checking the validity of this equation in the light of ex~
perimental results the order of magnitudé of the quantity ajk{ ,

which has the dimensiors of a velocity squared, will be
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estimated. This velocity 18 in the one~dimensional case for
U e 0 the maximum ion drift velocity attained at the downe
stream electrode. Corresponding to experimeﬁtal values, let:

£ ¢ axial distance between electrodes = 6.25 x 1072 ft,

A u cross sectional area s 2.08 x 10‘2 ft.

In eddition, let

B e 7.4l x 1011 volt=ft ~ dielectric constant in vacuo
coulomb

Jw %'x 10" where i is the measured current in micro-
ampSe
and assume

X s 1.6 x 10~° ft/sec
volte/ft

then,

ajkl = (190 £t )2 /jamp.
se¢

and the current in microamps, is

i e 4,18 x 1078 (v-vg)?

The current - voltage relation of the point corona is

usually describved by an equation of the form

1 aCV(VeVg)
This agrees with experimental results over a large range of
voltages. Yowever, for large currents the data is better de-
scribed by a relat;on of the form

1aC (V-Vg)®
7or large currents where the approximation

aJkﬂ;’7(k3°)? is valid the experimental results core

responding to the above equation gives

e e e+
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1w 3,3 x 108 (vevg)2
Tﬁe agreement with the aprroximate equation is quite
satisfactory since the concern here is primarily to establish
some Justification for approximate relations for the pressure
difrference acrosse the discharge, 3Better agreement in the
constant of proportionality might be obtained by some manipu-
lation of the geometrical pargﬁeters. For instance the dis=-

tance, £, may be considered only as a characteristic length.

T'ging the distance hetween the eléctrodee for this length is

correct only as a orientating value,
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Current as a “unction of Voltage and Airstream Velocity

Under the influence of a moving airstream the current is

glven implicitly in the one-dimensional case by

v-vs.z J {[adk£+us]5-u3}-yfz_
% aJx?

or aikl »uf,

3
- - 2 *00-5'
\'4 .Va %al.{[(a,jkﬂ.)'ﬁq.gu (a.jkl)-f]u]%_l_o

.24 Y RLAY) 222 w3 - ut
o 2 IRy R Y s T

Introducing the velocity ratio parameter up e

u
_ ajkZ 7t
VeVge 22 (ajkt )} - ul|l e upsy? urz]
< TY k [ T
o Dividing by the current density at zero velocity, Jo, &nd
cearranging
* = 1 2 uy® t
+ud (1 - up £ up®) «d
[j-o-] (V-Vglk g Ery
This relation expresses the characteristics of the dise
crarge in an airetream. The major physical argument leading to
ity derivation is that the ions enter the electric field with
the veloelty u and the electrostatic potential energy (V-Vs).
The equation is ctill implicit in { since uy is a function
of 1. A simple explicit expression is obtained for the case
<1, viz,
ur ’ ’ %‘
1|°z1,.u2 (up<<d )
[io] (V-Vg)k
; This relation expresses the experimental results for a

limited range of voltage and velocity implied in the derivation,
Tor high applied voltage, i.e,., with inerensing space charge,

t‘*vs relation apnears to apply, as can be seen from figure Z.
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“"he deviations from the linear relantion of(%;f'vs.( u ) occur

=-Vo
with decressing applied voltage.

In attempting to evaluate the geometrical factor, [ , using
the supposedly more accurate expression involving the expansion
in terms of the wveloeity ratio, up, it was found that the ap-
proximate expression for the current was & better functional re=-
lation in u. This would further limit the use of the assumed
expression for the field atrength to the condition that up<< V.

The data of figure £ represents airastream velocities only
as low as 75 ft/scc. Tigure 3 indicates that the dats may be
linerrly extrapolatcd to lower velocities,

Prom the ahove it is expected that the equation for the
assumed electric fiecld mey be £ ulled to evaluating the pressure
under the restrictions of high voltage and small velocities.

Jnmpirical Current-Velocity Relation for Low Voltages

A strictly empirical reduction of the data gives the sjimple
representation illustrated in figure 4, This relation is valid
for lower applicd voltages, i.c., below the region of valldity
of the equations of a one=dimensional, space charge linmited cur-

riitte  The current 1is implicitly

2 [l-bc g&] 2 where ¢ g constant,

L
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1V, PRESSURE DIFFERENCE ACROSS THE DISCHARGE

Calculatéd gresaixre Difference

The one-dimensional pressure gradient is

dp s ST w1 3
dx U+Eﬂ

T'sing the simplififed exprcssion for the field strength, vie.,
Eel |akix+t uf L u
k [ ] k
dp = l - u
dx lit' [ Ia.ij+u='ﬁ]

Letting 8p = p,,, = P.0

ar e 11:"{‘ [1 ) Tﬂ'ﬁ%ﬁ"&’-)f} dx

» ij._ [1-% U, (1+ urz)%-t-ur?-] where up V'Sd_l‘:_f

FOr up<« i
Ap = J2 [1 - 3 “r]

This reprlésc:-nts the preasure difference dve to o spncge
charge limited current for airstream velocitics small in re-
lation to the maximm ion drift velocity.

The above expresasion for the pressure involves oaly the
current and the airstrcan velocitys the applied voltage does
not appenr explicitly. An expression for the prcasure dife-
frrence ag it varies with airstream velocity, only, may be obe
toined Yy subetituting the exyrescior for the current as a
function of veiocity es previously derived,

‘™he current »3 linerrized for small velocities is

' = 143 L2
Jo ajord

. s i e
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This gives to first order terms

ap = ot :1+(3V,3_—° - %)u;:]

or approximately,

Ay e fol LH%ﬁﬁ]

This rather encouraging expression indicates that the

pressure difference increases if the airstream velocity is
allowed to increase. The relation was not checked experie
nentally since measurements were obtained only for velocities
determined by fixed boundary conditions. As will be seen the
linits placed on the velocity by frictional losses are quite

regtrictive,
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keapurements of Induced Velocity

Since the prevsure difference across a point corona dis-
charge is of the order of 10" inches of water at atmospheric
pressure, it was decided that it would ﬁe much essier to mea~
sure the induced velocities. To do this a hot wire anemometer
wao constructed and calibrated on n whirling arm.

In order to tzke mensurements with the hot wire equipment,
which was at ground potential, it was necesaury that the ine
duced flow be transyported to a reglon outside of the influence
of the discharge. 73y cxtending the cylindriocal elecirode sufe
ficiently downstream the influence of the hot wire probe became
negligivle, This wns checked by noting changes in the corona
current and by measuring the dischnrge current picked up by the
prove, As a result of minimizing the effects of the probe on the
discharge, the incrensed wall friction is by no means smell in
rclation to the pressure forces in the discharge. Tor example,
the pressure droy due to wall frictisn w:s of the order of two-
thirds thve pressure difference across the discharge.

In figure 5 two typiceal inducecd velocity profiles at the
downatream end of the tube are illustrated., Included is a vele
ocity profile without the discharie showing the magnitudc of the
effect of the wall friction., Pigure ¢ is a plot of the centere
1line vclocities eas a function of the current, “hile there is
gome variabilit:r in the plotted data the severity of actual vare
intions is not shovn since only time average velues of the vel-
ocity rre plotted, Velocity differences for curve (a) in figure

5 were of the order of % .6 ft/scc. >rom the outset of the exe
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periments which included a mmher 2f electrode arrangementia
hiese velocity fluctuations which could net be correlated
with valtage or current fluctuations were ancountared.
Discussion of Velocity Variations

The wide ranges of induced velocity which had been attalined
for a fixed apnlied potential and conatant current suggested
that the variation was due to changes occurring in the strcaw ae
way from the immediate neighhorhood of the point. For a fixed
cnrrent, conditions at the point should e constant. It was then
realized that the time dependency of the ion mobvility due to
{ine~molecule combinatiin might he of importance. One way of
cheelking *hia wag ta reverse the ol rity 50 the clecirodes to
g.¢c If the wvariations persisted frr the negative ion. ‘or the
3orie geometrie~ 1 arrangement the only factor which would e
Aifferent would be the mokility.

To accomplish this check for the same geomeiry and to keup
tre hotewire probe away from the “"hot" electrode the arrangement
shown at the top of figure 7 was used with the rotewlve upstrean
anc & center eclectrode suppsrt added, This support further add-
el to frictional losses and gives an increased amount of turbue-
lence at the point as compared with the original arrangement,
There, the center electrode extende! as a thin rod frow the stuge
nation region, ‘owever, these factors probably do not detraot
from the primary purpose of {llustrating differencus due to a
difference in the ion mobility.

In fignure 7 the induced‘velocity as a function of meansurcd

current shows a range of vclocities for a given current for both

L TURTR 1
.
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the poeitive and negative ypoint discharge. A most important
feature is that the minimm induced velocity for the positive
discharge 18 very nearly the same as the maximum for the neg-
ative discharges, An additional point to note waé that onec come
plete run wes complet:d under approximately the same conditions
durring which the induced veloeity wns wtable. Thio stable veloe
¢lty corresponded tu the minimm for the positive discharge.

An additional factor to he considered is the effec; on the
mobility of the moisture content of the air., This not only
affects the value of the mobility but the time dependency as well,
"he relative humidity for the experiment in question was mense
ured at 477 using a sling psychvometer,

It has been stated : that the mobility of positive ions
is only slightly affeccted by moisiurc, This result actually re-
feeg to the so crlled Maged vositive ion. “Tyndall and Grind-
lty{b)found that .

"Phe initial positive lon has n mobility which 1o indis-
tinzuishable from that of a negative ion, and which is affected
oy watcr vapor in thc same way".
™hus, if the mohility thnt 1s of imrortance here is basiczlly
that of the initianl positive ion, then appreciable changes due
to moisture content can be exvected to oeccur. Wowever, they
might be expected to be of importance only for the Qituation

where the "1life" of the ion is not very long or very short cone

nared  to the characteristic times

3
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Calculatién of Pressure Difference from Ve;gcitx Measurements

In all the meesurements obtained of the induced velocity
the results nre somewhat beclouded by the magnitude of the
frictional losses and the variabllity noted in the veloeity.
Tor a best estimate of the pressure difference across the dise
charge use is made of the data of figure 7 for the steady pose
itive discharge, 1.cs the dividing line between negative and
vositive discharge. Tor this case the ion mobility éppeara to
be Y"pinned down" at least to some constant value., The pressure
drop due to frictional losscs is estimated from wvelocity surveys
at the exit of the tube in the absence of the discharge,

Prom these velocity surveys the mean velocity may be cale
culated, '"his is approximately the velocity at the entrance to
the tube, where the velocity profile is neérly constznt., The
frictional pressure drop is then correlated with that for the
induced flow at the same menn velocity. The pressure drop due

to friction is ruadily obtained by applying Bernoulli's equation

~to tre corc of the flow which is practiocally unaffected by frice

tion, i.€., unanffecte: by viscous shear, not unaffected in the
scnse that the core is accelernteds Thus, the pressure drop s
ovtained using only & velocity survey at the exit of the tube.

In the absence of frictional losses in the tub¢ the pressure
difference across the discharge woﬁld be Just equal to the dye
namic head mensured at the inlet. Actually, the pressure dife
fcrence dve to the discharge is the num'of the ihlet head plus

the magnitude of the rressure drop dve to friction, In figure 8
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is ahown the magﬁitude of the frictional loss at the measured
mean velocity. In the same figure the total preasure diffcre
ence due to the discharge is plotted ss a function of the ocure
rent., Approximotely two=thirds of the pressure increase due to

the dischargce is lost as & result of friction,
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Comparison With Calculated Pressure Difference
The data of figure 8 is best compared with the expression
derived for the variation of the pressure difference as a fune-

ction of the current and the velooity ratio, up, visg.

Apci_&[l-’bu{l

The limitations imposed on the velocity which are primarily
due to frictional losses give & value of up of the order of
0.,02. Thus, the effect of the airstream velocity gives core
rections of the order of 17 which may be neglected,

If the axial distance between the electrodes is taken as .
L and the current density computed using the cross-sectional
ares of the tube, then the value of k which matches the straight
line of figure 8 is k 2 2,4 x 10=3 ftésec e« This is, to two
significant figures, the value of kvgiv:n on page 6 &and correcs
ted for the air density of the experiment. It is probadbly the
correct value to use since the "life" of the ions is of the
order of 103 sec,, and, especially with moisture present, the

mobility should correspond to the value of that for “"new" pose

itive ions,.
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1.) The restrictions placed on the induced velocity preclude

confirmation of the equations for the pressure difference to

" anywhere near the limitc for which the characteristics of the

diecharge in ah airstream were obtained. However, the\data
indicates that the one-dimensional analysis gives essentially
the correct result for low speeds for the pressure difference
and, in addition, gives & reasonable description of the cure
rent-velocity relation for fairly high speeds. Thus, predic-
tions based upon this model should not be too far from the
truth,
2.) This study was intended to raise questions rqgarding ap-
plications of the basic process, The relation of the ion mo=-
bility with the properties of atmospheric air and the geometry
of a particular problem is just such a question which presented
itself @nd which was not answered,
3.} With respect to aeronautical engineering applications of
electrical pressure forces, it was realiged from the outset that
this study might be classified in the realm of "bird = watching”.
Tower inputs are small and power outputs in terms of directed
energy are still much smaller,

The efficiency of the experimental device as a pump can be
estimated from the expressions for the pressure difference and,
for a given applied voltage, the expression for the current as

a function of the airstream veldcityc The power input is just
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Vi and the power output is uAAp. As an example, from the

data of figure 1 for a fixed applied voltage of 11,600 volts,

1o = 272 mamps, and considering airstrcam velocities small in
comparison to the maximum fon drift velocity the efficiency in
percent 1is
n e .22u% (u in ft/sec) 7
For a meon induced velocity of the order of 5 ft/sec. the efe
ficiency of the device as a pump 18 of the order of 1%,
Tre efficlency is limited to low values for two reasons:
a.,) Tre most important restriction is that placed on the
velocity of the flow. This is primarily the result of
frictional losnses,
be) The corora discharge is an inefficient source of ione
ization, 1.e., the uscable power is (V=Vy)i whereas the
total power input is Vi, Vg is of the order of thou=
gands of volts whercas the useful ionimation requires an
ionizing potential only of the order of 15 volts.
To increase the magnitude of the effects considered here,
jeey to introduce much higher charge and current densities
ot er methods are certainly ovailable, Tor exemple, the mech-
aniem of ionization mignt employ elpha rays rathcr than
the corona discharge. 7The magnitude of the effects due to 8 core
ora discharge 18 detcrmined by the arcing limite. The high
vficld intensity required for the sustcnance of the dlscharge
lirmits the currcent helow the disruntive discﬁarge to rclatively

low velues,
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