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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 scale this pro-

cess involves the acceleration of ions in an electric field

and the transfer of momentum to the main body of the fluid

through collisions.

A particular phenomenon involving this basic process is the

pressure gradient in a point corona discharge and the resulting

"electric wind". The experimental arrangement studied is a

point to a downstream coaxial cylinder discharge in air.

The difficulity of applying boundary conditions to the

mathumatical description of the process requires some simplify-

ing assumptions. A simple one-dimcnsional model of the physical

situation is considered, the electri'cal field equations being ap-

proached from the consideration of a space charge limited current.

The functional relations derived appear consistent with the ex-

perimental results for the limiting cases implied by the assump-

tions.

Velocity variations encountered in the induced flow of air

present questions regarding the bulk parameter which describes

the molecular interchange of momentum, the ion mobility. 'Ihile

this experiment was not for the purpose of measuring ion mobili-

tices, it is believed that in any a.pplicitionrs involving the basic

process in the working fluid of the aerodynamicist the time, den-

sity, temperature and bumidity dependence of the ion mobility re-

mires data which is not noW, availablei
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A Cross sectional area of tube.

Electric field strength.

i Current in amperes

j Current density - current/area.

k Ton mobility.

A Axial distance between electrodes.

p Tlydrodynamic pressure.

uTT Airstreom velocity.

ur Ratio of airstream velocity to the maximum ion drift
velocity.

V Electric potential.

x Axial distance measured from point.

C Dielectric constant for air.

V. -,fficiency in •.

Air density.

1 Charge density.

fL~ITS

A rationalized length-mass-time-charge system is employed

whqere charge is in coulombs, and, compatible with the usual aero-

dynamic system, length, mass, and time have units feet, slugs, and

seconds. It is found convenient to retaiL the volt as the unit

of electric potential with the result that forcc is given in volt-

coulombe per foot. In this system tVe dielectric constant has

ý! value
"f.70 x 10-12 co ilombs

volt-feet
Tbe hydrociynamic pressure In electrical inits is in valt-coulombso

ft 3
i"r p In lb./ft•f

1 volt-coulombs * .7376 lb.
ft 3 ftl
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10 N1'1tODt7CTION

With a view toward possible aerodynamic applications of

electrical field forces in an ionized gas there Li considered

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

comparison to the effects of dynamic forces generally consid-

ered is, nevertheless, real and measurable. This effect,

which is well known but of only passing interest to the phy-

sicist and electrical engineer, is the "electric wind" or the

flow of air induced by a point corona discharges

The complete problem involves an interaction between the

electrica.l field and the flow field of the air. The electric

field induces an air 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 thie "how much" as well as the "why"

may be answered, a simplified one-dimensional model of the sy-

stem is considercd. Vor this model apyroximations nre required

only for the boundary conditions since the governing field e-

niuntions arc quite simple,

Initally considered is the pressure resulting from a given

electric field and charge distribution - the charge dis.tribu-

tion being determined by the properties of the ions, the prop-

•r ices of the air (mnlnly velocity fand density), rnnd by the

electric field. Secondly, the effect of the airstream on-the

I.
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electric field Is estimated from the measurable characteris-

tics of the .discharge varying the air velocity. Then, for

given boundary conditions on the air flow the induced air,-

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

tric cl3rrent.

I,
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L'omentum -.tcchsflgne and Ion N1obility

Of Interest in this study is the behavior of a slightly

ionized gas under the influence of an applied electric field.

"slightly ionized" refers to the proportion of molecules ion-

ized and does not imply that the charge density or the else-

trical forces on the charges need be small. The condition

that the gas is slightly ionized bolds generally for a .:oint

corona discharge cxcept for a small localized region of break-

down ne!ar the point. In nddition, out.side of this localized

region, the iono nore unipolar, and we may consider the motion

of ions of only one sign.

On a molecular scale the ions are accelerated by the e-

lectric field and interchange momentum with the neutrnl gas

rmolecules b..:' collision.

On a macroscopic scale the bulk - ruperty which charoc-

tei5•ses this molecular Interchance is the ion mobi.lity. If

ui in the avurage ion drift velocity and E the magnitude of the

electric field, then the ion mobility, k, is defined by

ui a kE

To show that k in actually a parameter which relates the

electric current to the morqcntur exchange with the gas, cin-

Sider Ion motion through a stationary gas. Yultiply both sides

týA• equation for k by tie e-rgt density, T' ,

I WO
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Now, r ui is Just tie currcnt density, j, while 0E is a force

per unit volume or better a pressure gradient exerted on the

fluid -r conduct r.

The ion mobility is readily related to the conductivity

of a continuous medium. If the conductivity, c, is defined by

the relation

j a cT where J is the current density

then c m o" k

The conductivity is more familiar as describing the macrosopic

properties of electron motion. In this case the momentum trans-

fer to a contimnous medium is extremely small, k being of the

order of 104 times the value for that of negative ions in air.

The functionul relation of k with the molecular lroperties

of the ions rnd neutral molecules may be derived using the kin-

etic theory of gases af':er some suita.ble choice of a molecular

model. Different molecular models result in differences in the
(6)

calculated temperature dependence of k. ýhillips measured the

mobility of positive R.nd negative ions in air at constant pres-

sure for temperatures between 940 and 4110 K, These results re-

duced to constant density (using the perfect gas equntion) show

the mobility independent of temperiture above :150 Y. In agree-
m ent both experimentnlly and ns derived for all molecular models

is the density dependence of k. '."he mobility is inversely pro-,
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portional to the density of the gas.

The experimental values of the ion mobility are not too

I well defined except for well contrilled experiments with pure

gscs where there is some certainty about the nature af the

* ions. There is especially some uncertainty about the vnhie

of k for the following experiments which were performed using

room air.

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

SThis is especially true for the positive ion for which there

is a characteristic time at which ions of a different mobility

ap1;eare 'Experiments indicate that for small time the mobility

of the positive ion is approximately the same as that for the

stn.ble negative ion - the mobility decrkmvIng with time. This

"aging" of the positive ion in generailly accepted to result

from comnbination of the ions ,ith other neutral molecules.

P7o give an order of magnitude of týe characteristic time of the

•ositiw ion Loeb states that "no more than-two mobilities and

usuelly only one mobility appear for ions in a pure gas at any

ai;c below 10-" seconds."

The primary negative ion in air in a corona discbarge is

formied by electron atta-chment to oxygon molecules. Thus, in

a nep-ative point corona dischprge there is also a characteristic

time for the forrmation of the negative ions. This time dependence

*.f the ion mobility will later be cinsidered as a yossible ex-

-,lanation of vani-tions in the induced vwlocity of the air in the

corona diachn rgeo

7or certain limiting conditions the ion mobility may be
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Sconsidered constant. As an example# if the electrode geometry

and/or the airstream velocity are such that the time of passage I
of a positive ion is less than the characteristic time for which

ion-rrnolec, le combinations are probable then the mobility may rea-

sonably be aessumed constant.

S'!itb regard to the density dependence of k, in the experi-

nments of this study the airstrenm velocities range only to the

*order of 'OOft/stc. allowing the arproximatlon of an incompres.-.

ible flow of air. It will further be seen that the electric

field forces are an order of magnitude smaller than the maximum

dynamic forocs of the airstream so that density changes due to

pr,,orure may be neglected. Thus, throughout the region of the

discharge the ion mobility will be assumed independent of den-

- Elity.

Approximate v'-lues for the "nged" positive ion, k and

for "new" positivc ions and negative ions, k p in dry air at

standnrd sea level density are

k + 1.5 x 10"3 ft/se
volts/t. (a1 )

Erefg Thomson p.l 3

k .7.3 x 10-- ft/asec
vo1tf S/ft.

I
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PrsueGridientsj Iajn Ionze Gas S

Consider the motion of a uniform airstream with velocity,.I
u, in the direction of a high voltage electrode point. Outside

_ of the small region of break-down near a positive point there

is a density of ýositive charge, W , which moves under the ac-

tion of the airstream and the electric field, Bl,.

ror this one-dimensional incompressible flow of air the me-

i:' cntum eouation of continuum mechanics reduces to

i..c., tlhc -,rcasure gradient is proportional to the charge don-

sity and the resultaint electric field.

Ac The conservation of chnrge is expressed by the equation

"'I,,ere J is the c,•rmcnt density (current/area) and k is the ion

mobility. The sum (;+k') rdprosentn the resultant ion veloc-

ity - the ion drift velocity, kE, now being measured relntive

to the moving airstream.

"P'or the at,-tionpry croe, ii., the -roblem is much siml.lified

Since

the current now haVing the onme direction as E.

siceus befre p- :

t ~since as before E and 3 a-re collinear.



-8- 1

This rather simple result shows that for this stationary

case the '-reseure gradient may be determined without any z.-

plicit knowledge of the field strength or charge density which

may be difficult to determine for all but the simplest of

geometries* Chattock used this result to measure the mobil-

ities of lons iroduced in a point-to-ring corona discharge.

*nriclosing the electrode Pair in a glass cylinder and making

the distnnce betwcen the electrodes large compared to the di-

ameter of the ring anode, the current was assumed one-dimen-

sional giving

Ak

where i is the total meau.red currcnt, Ap the pressure dif-

ference along the tube, A the croas-eectional arca of the tube,

-nd A the axial distance between the electrodes. "'Jith this

-arrangement k was determined by meamirIng the pressure differ-

ence and the current, giving the "right answer" after some

manip.1lation with the geometrical parameters.

For the case of an air flow superimposed on the discharge

Vt7C problem is much wore complicated even with the one-dimen-

sional aese•m tion which will be maintained. The one dimensional

niýmentum equation is

S•- dx

where, now

. •.
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egiving

dX u =kE

In an integration over x the current density might leg-

itimatel3y be asnumed constnnt if the electrode spacing is large

compared to the radius of the outside electrode. T!owever,

the field strength now appears explicitly. An attempt to

aoply. the simplifying assumption of a one-dimensional field

leads to some difficulty with boundary conditions especially

at x I 0, i.e., in the neighborhood of the point, Tter'e the

field is highly non-uniform, a condition which is necessary

for the occurrence of the coronn discharge.

The problem of determining the pr seure difference across

4.1 the corona discharge from the above equation resolves itself to

finding an approximate one-dimensional expression for the elec-

tric field. This recaires a consideration of the characteris-

tics of the point corona dischar.Je and how these characteristlcs

i.ro affected by an airs* )am.

• . ,
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The Point Corona Discharge

KThe electrical discharge at a point may be described in

W various phases. Por a positive point the phases may be enu-

merated as follows:

1.) Conduction below ionization by collisions

Por low applied voltage the current to the point de-

pends upon ions produced by an external agent. In normal

roon air the magnitude of this current is minute and dis-

continuous.

S.) Conduction with Ionization by collision.

For higher applied voltages the field strenqth in-

crenses to the point where electrons resulting from external

ioniztion gain suf.'icient energy in the field to cause

further Ionization by collisions Yor sufficiently large

field strength the "Townsend avalanche' effect results in

a current pulse, which greatly magnifies the effect of the

originrl electron.
i•.) The (eiger Counter regime.

?•or still higber field strength a single externally

produced ion rcsul-to in an "avalanche" in which sufficient

radiation is iroduced to cause further-photoelectric ion-

ization in the gan. A large current pulse builds uk to a

point where the space chsrge distortion of the field chokes

the process of ionization by collision and the discharge

ceas•s*.

i.
iI



1 -11I-

I + 4.) Continuous corona regime.

For yet higher applied voltages the opace charge die-

tortion cannot reduce the field strength to the point of

I choking and there results a self sustained discharge.

'The visible corona glow now appenreabout the pointo This j

_ discharge can be maintained in the absence of another e-

lectrode by photoelectric ionization in the gas and at

lower potentials by additional photoelectric ionization at

another electrode.

5.) Breakdown stage.

The field strength may be increaned to the point where

the breakdown of the gas extends acroao the electrode gap.

This may initially be in. the form of "pre-breakdown stream-

ere" or"brushes". ?Inally# the corona discharge culminates

in an arc disch'arge.

The only phase of the discharge which is considered here

is the continuous or self sustaining discharge. Vurther, it is

considered only from the viewpoint of continuum mechanics with-

out reference to the "mechanistic" descriptions of electron av-

alanches, etc. Vrom this point of view ther'e are no distinctions

to be made in the description of the electric field in a posi-

"tive or negntive discb1agee The only difference considered is

that of the builk parameter k, 'Ie ion mobility.

L'

I



Point to .Cylinder Discharge

The geometrical electrode arrangement to be considered is

that of a point to coaxial cylinder with the cylinder displaced

downstream of the point as illustrated in figure 5. This ar-

rangement presents Itself as aerodynamically "clean" with re-

spect to the flow of air. This is important since in the meas-

urements made the electrical pressure forces are of the same or-

der of magnitude as the frictional forces.

T'he description of the electric field in such a dischrrge

presents a difficult task if nn exact solution is desired. Even

fir the simpler crse of no space charge, exact solutions are

readily obtained only for very simple geometrical electrode ar-

rangements, i.e. where the boundary conditions &-re simply given

in an appropriate coordinate system. Wfitb aippreciar-le space

charge, which is the case in the region near the point electrode,

the boiindary conditions to be applieo in the Solutions of the

field emuation are not only difficult to express mathematically

but are difficult to determine.

leasonably accurate solutions for the infinitly long, thin,

wire to coaxial cylindcr corona discharge have been developed
(2)

and are presented by Loeb. A solution of Laplace's equation is

derived neglecting the space charge outside of a cyl-indrical

surface at which the boundary condition is applied. This pro-

cedure' of neglecting the space charge and using Laplace's e-

-. ,,uation' 'a an ap- roximation to tbe field seems to be a generally

acoepted method of approximating ti-!e field for general electrode

arrangements.
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Tf t041 approximatio n is ace¢:pted for the point corona

discharee then it would be ex-pected that pressures due to I
leomentum exchange would dominantly occur In the vicinity of the.• I
point electrode where the field forces as given by Laplace's a-

cmation are extremely high, falling to negligibly small values

over a diet-nce small compared with that of the electrode spac-

ing. 'ývidence thnt this is not the case is presented by Chat-
(4)

tock in his preliminary investigations of the pressures on a

flat plate irr a point to plane dischargc, Iressure distributions

wcre obt, ined at c')nstant currcnt and electrode spacing for tvo

cance. ""b: first cnee w•o for a simple point to.plane geometry.

* 'The second cnae involved an additional electrode surrounding the

oint which collimatcd the field except in the neighborhood of

tiK i-oint. With the field collimated the pressure distribution

-wns sharply pe,.ked Just opposite the point and fell off rali.dly

with the radia.l diet nee from the centerline. vithout the colli-

inm'tor the pressure distrlbution w's relatively flat with apl~rcci-

able pressure being mvintrined on the plate to -.he limit of the

traverse ,,echanism. Chattock's conclusions were that

"The pressure crnnot bc* duc either wholly or in considerable
part to thc im,,.-arting of momentum to the ,as at .the I.oint itselfl
ot1-erwise the prensure curves a and b would be ali-ke, since the
field at a dlsch.arging yotnt is const,,nt for a givzn current".

SThis evidence and the -Fpnrent success obtained by Chattock

in "sing a one-dimensi')nal ,rnalysia in the point 'to ring discharge

*.discouraged the i;ec of an electric field calculated by neg-

lecting sljncL- chrcr, !-nd ,,%!lyIng this result to det1rminin the
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prepsures. 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 i.e.,

at some surfrce outside of which the space charge might legit-

!mnitcly be neglected in describing the field. Such an analysis,

while comlex for a stntionpry fluid, bec-,mes further complicated

32-1 fo-?r the prceent en.e in which the air etren= and the discbarge

-.re interdependent. The airatream influences the b4undary con-

Cdtions of the electric field and the electric field in turn

influences the induced vclociti'ce due to the pressurL.gradient.

The simplified model to be consuidred is that of a onerdit-

cnsional space charC,, limited currý,nt in n .- ne-dimensional in-

c-omrressible flow of air. The one-dM.niensional asnumption is

iunlant nned throughout, including the ion source. The ions are

•asumed to emanati f'rom a planar s.,rc., at - :;otential equal to

tll-t of the stirting otentinl of the continuous corona dischargc.

TThe Yotentlnl drop or anode-fall is tr.ken asi the difftrence be-

.twoen 'the arplid totentinl and the 'st, rting potential of the

dischsrY(. Phbi -energy loss may be considered as that repuired

for creation of the ions includi.ng losses by radiation, excited

.:Alecl:lar statt.t , and chemicst reactions as well ,•o the energy

48 ,.antfest ing itself in usefl ionization.

[.

-E
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6
The Electric Pield 18 One Dimenslon

If D is the electric excitation in units charge per unit

area and 6 is the charge density in units charge per unit Vol-

ume, then

Tsing the electrostatic, charge-force relation given by

whiere L is the dielectric constant, the differential equation

for the electric field vector, E, is

?or the one-dimensional case

d "

"T7fsing the equation expressing the conservation of charge,

th8s becomes

V,
"dx -U+ 'F.

or
"•1 d (u +E =•dx

1L

Integrating between the electrodes from x z 0 which

is taken to. be the edg., of the small region of break-down

about the point anode and letting E be the field strength At

ISOI

a t"

I _x + (u+ko)2 - U
97ix -~



This ezpresuion my be further simplified if the one-

dimensional approxivation Is maintained by aesuning that the

ion source is a planar ionized layer; then Thompson hows

that the field strength at the edge of such a planar source

S•~my be neglecteds "lith this assump.tion the exprceseon for

tlu electric rield becomes

:.~a lF' Jx+U1. I -

TTnYvin, an expressio)n for the field strengthp the equation

for the preoinure gradient in terms of 3and ua may be written

V down imaediately. 'Toweverg from the prces'irt 6-radient it would

be difficult to experiment-11y check the validity of the one-

dii.erislonril ansmiimtion ve nyrzonble range of aiir stream

vcdlocitievs inice electric field forces become ve.y- smiall in com-

1,iarison to the dynamic prcornore forces anid the viscous forces

%t. the boundar~y of the flow.

Trhe raraýe of vclocities at&nd currents for which th3is o-

uation masy be varlid will be eatirmisted by cr:.r&'ryWn t~he one-dim-

e'nsional anialysis further to obtain a relation for the current

in termis of the velocity nnd ap-[Aicd potential, Theae relat-

lones are r(,t ily checked ex;.erimentailly*

p. "06

t
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One-Dimensional Volts e-Current Relation

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

LE - where * is the electric potential.

Thus,

Integrating the expression for B. from xsO to xwA and letting

4) 40 0

e 21 [at L -4- u }L 3- 3_u where a a 2

To get an approximate, explicit expression for the current

the magnitudes of the various terms must be evaluated, especially

the constants of integration 0.. The current as a function of

applied potential is zero up to a potential V a Vg which is de-

fined as the starting potential of the self sustaining corona

discharge. The current is primarily a function of (V - Vs)t

the difference between the applied potential difference and the

starting potential.

In an attempt to avoid the details of the non-uniform field

assume that A•4 V - V5 , i.e., that the anode fall of potential

is V - Vg. Considering first the simpler case for u a 0

A V - Ve e 2 A. [aiki icL

3efore checking the validity of this equation in the iight of ei-

perimental results the order of magnitude of the quantity ajkA ,

wýicb has the dimensioris of a velocity squared, will be
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estimated. This velocity is in the one-dimensional case for

u * 0 the maximum ion drift velocity attained at the down-

stream electrode. Corresponding to experimental values, leta

I. t axial distance between electrodes - 6.25 x 10u2 ft.

A a cross sectional area a 2,08 x 10' ft.

In addition, let

a 7.,41 x 10 volt-ft dielectric constant in vacuoS •cou omb

j N i x 10-6 where i is the measured current in micro-

amps.

"and assume

k . 1.6 x 10-3 ft/goo
volte/ft

then,

ajkLt a (190 ft ) 2 /jPL amp
sec

and the current in microamps. is

i m' 4.18 x 10' 8 (V-VS) 2

The current - voltage relation of the point corona is

usually described by an equation of the form

i a C v (V-Vs )

This agrees with experimental results over a large range of

voltages. ¶Towever, for large currents the data is better de-

scribed by a relation of the form

i a C (V-_v) 2

7-or large currents where the approximation

aJkl'7(kTo0 )2 is valid the experimental results cor-

responding to the above equation givcs



Si 3.• x 10-8 (V-Vs) 2

The agreement with the approximate equation is quite

satisfactory since the concern here is primarily to establish

some justification for approximate relations for the pressure

diff'erence across the discharge. Setter agreement in the

constant of proportionality might be obtained by some manipu-

lation of the geometrical parameters. For instance the die-

tnnce,Lmay be considered only as a characteristic length.

VTSing the distance between the electrodes for this length is

correct only as a orientating value.

AL
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Current as a 73unction of Voltage and Airstream Velocity

TTnder the influence of a moving airstream the current is

given implicitly in the one-dimensional case by

V Veg 1 f[aJkA+u]'f U3I U.9

""or alkL u 2 ,

V- V .2 1 ti(aj9 )r+ 3 up- (ajkl )*+.. uq -PU
z7 W

2 21 (ajkA)&+A u2  2 A u3  - U

Tntroducing the velocity ratio parameter ur . u
(ajklc )i

V Vs a 2 A (ajkg J - ulr -u+ ur2]

A? Dividing by the current density at zero velocityp Jo, and

reiarranging

[ a•] . lu ___ (1- ur Ur 2)

This relation expresses the characteristics of the dis-

cl'rarge in an airstream@ The major physical argument leading to

ito dc.rivation is that the ions enter the electric field with

the velocity u and the electrostatic potcrntial energy (V-VO).

The equation is still implicit in i since ur is a function

of i. A simple explicit expresoion iv obtained for the case
'COl, viz.,Ur

ioi 7(V.-V5)s k

This relation expresses the experimental results for a

limited range of voltage and velocity iriplied in the derivation.

,or high appnli.d voltage, i.e., with increaning space charge,

t~is relation aphear- t,) t, pply# as can be seen from fig,-ure ?.



""'he deviations from the linear relntion of(i vs. u occur

with decreasing applied voltage.

In attempting to evaluate the geometrical factor, & , using

Sthe supposedly more accirate expression involving the expansion

in terms of the velocity ratio, Ur, it was found that the Rp-

proximate expression for the current was a better functional re-

lation in u. !'his would further limit the use of the assumed

expression for the field strength to the condition that Ur(( %

The data of figure V represents airstream velocities only

as low as 75 ft/sec. ?igure 3 indicates that the dattr may be

liner'rly extrapolatel to lower velocities.

.romr the above it is expecte,4 that the equation for the

c,•,•nmied electric field may be n-plied to evaluating the pressure

under the restrictions of bigh voltage and small velocities.

Tinpirical Current-Velocity Relation for Low Voltages

A strictly empirical reduction of the data gives the simple

r.presentntion illustrated in figure 4. This relation is valid

for lower applicd voltages, i.c., belovw the region of validity

of the equations of a one-dimensional, space charge limited cur-

rct. The current is implicitly

rl+c •2 2 where c s constant.
io
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Qaculated Pressure Differengce

The one-dimensional pressure gradient is

a~ 13~ 1 36
dx

IPsing the simplified expression for the field strength, viz.,
•. E ,, 1 a•kJx+u(1 - u

. . I= t -u_(-x']

Letting Ap a pvA -pgO•=

L (Sjkx+u1J] dx

i2)-, UUr ,' where u,.. U
k 14u r2 faj k J-

Por ur 41

k

This represents the pressure difference di~e to a space

cl'arge limited cnrrent for airstream velocities small in re-

lation to the maximum ion drift velocity*

The above expression for the prcaoure involves only the

cirrent and the airstrcnm velocity; the app~lied voltage does

not apperr explicitly. An expression for the prossure dif-

fcrence qa it vnres with airstreanm velocity, only, may be ob-

tained by oibetitiiting the exree.nio', for the current as a

function of velocity as previously derived.

"The current -,a line-'rized for small velocities is

. 1+ .. LJo aJ0VL



This gives. to first order termsjAP 1A~+(3  jl urj
0I

Sor approximately,

This rather encouraging expression indicates that the

pressure difference increases if the airstream velocity in

allowed to increase. The relation was not checked experi-

mentally since measurements were obtained only for velocities

determined by fixed boundary conditions. As will be seen the

linjits placed on the velocity by frictional losses are quite

restrictive.

• i
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Measuremente of Induced Velocity

Since the preasure difference across a point corona die-

charge is of the order of 10"2 inches of water at atmospheric

pressure, it was decided that it would be much epsier to meia-

lolre the induced velocities@ To do this a hot wire anemometer

was constructed and calibrated on a whirling arm.

In order to t~ke measurements with the hot wire equipment,

wilch was at ground potential, it was necesm.ry that the in-

duced flow be transported to a region outside of the influence

of the discharge. 13y extending the cylindrical electrode suf-

ficiently downstream the influence of the hot wire probe became

negligible. This Vins checked by noting changes in the corona

current and by messuring the dischnrge current picked up by the

probe. As a result of minimizing the effects of the probe on the

"dincharge, the incrensed wall friction is by no means small in

rclstion to the pressure forces in the diachsrge. 7or example,

th. pressure drop due to wall friction r' s of the order of two

thirds the pres,,urc difference across the discharge.

In figure 5 tro typicnl induced velocity profiles at the

,at downstream end of the tube are illustrated. Included is a vel-

ocity profile without the discbar.. showing the magnitudc of the

effect of the wall friction. Figure d is a plot of the center-

'line vwlocities au a function of the current. Thile there is

some v-riabilit:.: in the plotted data t~he severity of actual var-

lations is not s~hown since only time average vclues of the vel-

ScIty -re plotted. Velocity differences for curve (a) in figure

5 were of the order of ac ., ft/scc. Yrom the outset of the ex-

F.E.



periments which included a rI er of electrode arrangements

thene velocity fluctuations which could not be correlated

with v"Itage or current fluctuations were encountered*

Discussion of Velocity Variations

h s wide ranges of induced velocity which had been attained

for a fixed applied potential and constant current suggested

that the variation wps due to changes odcurring in the strLaw a-

way from the immediate neighborhood of the point. For a fixed

current, conditions at the point sokuld be corotant. It was then

realized that the time dependency of the ion mobility due to

ion-molecule combinatimn might le of importance. One wny if

c&eckIng this was to rnverse thle iArity f the clectrodes to

ýi.o if tle rnriations nersistei ff)r the neoativv iin. ',or the

arie geomet7ic.-I arrangement the only factor which would ,e

lifferent would be the mobility.

To accomplish this check for the same geometry and'to kekp

t'ne hot-wire probe away from the 'hot" electrode the arraruýement

s?!own at the top of figure 7 ran used with the hot-wlre upetit-aw

ane: a center electrode supp.ort added. This support further add-

c,' to frictional losesc and gives an increased amount of turbu-

lence at the point as compared with the original arranement.

T7lre, the center electrode extende,! as a thin rod frow the etag-

nation region. 7Towever, these factors probably do not detenot

from the primary purpose of illustrating differ-encue due to a

difference in the lon'mobility.

.n figlire 7 the induced velocity as a function of iewtuijrud

currelt shows a range of vrlocitien for a given currcnt for both
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the, positive and negative point discharge. A most important

• ~feature is that the minim~im Induced velocity for the positive

dincharge is very nearly the same ns the maximum for the neg-

ative disclarge. An additional point to note was that one com-

plete run wcsa complet, d under approximately the same conditions

db7ring whilc the Induced velocity w:m 1table. Thin stable velo-

city corresponded to the minimrnni for the positive discharge.

An additional factor to be considered is the effect on the

mobility of the moisture content of the air. This not only

;.,rfects the value of the mobility but the time dependency as well.

The relative humidity for the experiment in question was meas-

ured at 47,,-. using a sling psychrometer.

It has been stated that the mobility of positive ions

is only slightly affected by moisture. This result actually re-

f(xo to the so c:,tled "al" positive ion. Tyndall and Grind-
(5)

l.y found that
"The initial positive ion lhas n mobility w0cli is indis-

tinguishable from that of a negative ion, and which is affected
by water vapor in the same way".

"?Ths, if the mobility tbat is of im,.ortance here is basically

that of the initial positive ion, then appreciable changes due

to moisture content can be expected to occur. irowever, they

might be expected to be of importance only for the situation

where the "life" of the ion is not very long or very short com-

pared-to the characteristic time.
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Calculation of Pressure Difference from Velocity U4easurements

L In all the measurements obtained of the induced velocity

the results ore somewhat beclouded by the magnitude of the

frictional los1es and the variability noted in the velocity*

'Por a best estimate of t.be pressure difference across the dis-

charge use is made of the data of figure 7 for the steady pos-

itive discharge, l.e. the dividing line between negative and

positive discharge. For this case the ion mobility appears to

be "pinned down" at least to some constant value. The pressure

drop due to frictional losses is estimated from velocity surveys

at the exit of th'e tube in the absence of the discharge,

* ?rom these velocity surveys the mean velocity may be cal-

culated. 'This is approximately the velocity at the entrance to

the tube, where the velocity profile Is nearly const'nt. The

frictional pressure drop is then correlated with that for the

induced flow at the same mean velocity. The pressure drop due

to friction is rcadily obtained by applying Bernoulli's equation

to tVc core of the flow which is practically unaffected by fric-

tiob, i.e., unnffecte- by viscous shear, not unaffected in the

sense thau the core is accelerated. Thus, the pressure drop is

obtained using only a velocity survey at the exit of the tube.

In the absence of frictional losses in the tube the pressure

difference across the discharge .would be Just equal to the dy-

namic head measured at the inlet. Actually, the pressure dif-

fcrence due to the discharge is tlhe sum of the ihiet head plus

the rriýani.tude of t1,c .ressure drop due to friction, In figure 8

I..



"is ahown the magnitude of the frictional loses at the meae'ured

mean velocity. In the same figure the total pressure diffcr-

ence dile to the discharge is plotted es a function of the our-

rcnt. Approximately two-thirds of the pressure increase due to

the dsechnrgr, is lost as a result of friction.

"I



Commarison 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 fun-

ction of the current and the velocity ratio# Ur, viz.

S1- ur]

The limitations imposed on the velocity which are primarily

due to frictional losses give a value of ur Of the order of

0.02. Thusp the effect of the airstream velocity gives cor-

rections of the order of 1% which may be neglected.

If the axial distance between the electrodes is taken as.

£ and the current density computed using the cross-sectional

4.• area of the tube# then the value of k which matches the straight

line of figure 8 is k a V.4 x 10-3 ftsec This is, to two
volts/ft

significant figures, the value of k given on page 6 and correc-

ted for the air density of the experiment. It is probably the

correct value to use since the "life" of the Ions is of the

order of 10-3 sec., and, especially with moisture present, the

mobility should correspond to the value of that for "new" pos-

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

confirmation of the equations for the pressure difference to

anywhere near the limito for which the characteristics of the

discharge in an airstream were obtained. Howevero the data

indicates that the one-dimensional analysis gives essentially

the correct result for low speeds for the pressure difference

and# in addition, gives a reasonable description of the cur-

rent-velocity relation for fairly high speeds. Thus, predic-

tions based upon this model should not be too far from the

40, truths

2.) This study was intended to raise questions regarding 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 and which was not answered.

3,) With respect to aeronautical engineering applications of

electrical pressure forces, it was realized from the outset that

this study might be classified in the realm of "bird - watching".

Power 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 velocity. The power input is just
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Vi and the power output is uA~p. As an example, from the

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

1o0 a 2J.V)amps, and considering airstream velocities small in

comparison to the maximum ion drift velocity the efficiency in

percent is

2- -Pu %o (u in ft/sec)

For a mean induced velocity of the order of 5 ft/sec, the ef-

ficiency of the device as a pump is of the order of 1i.

The efficiency is limited to low values for two reanonsa

a.) The sosn- important restriction is that placed on the

velocity of the flow. This is primarily the result of

1' frictional losses.

b.) The corors discharge is an inefficient source of ion-

ization, i.e., the useable power is (V-Vs)i whereas the

total power input is Vi. V5 is of the order of thou-

sands of volts whereas the useful ioniuation requires an

ionizing potential only of the order of 15 volts.

To increase the manitude of the effects considered here,

1.e., to introduce much higber charge and current densities

ot-er methods are certainly available. Por example, the mech-

anism of ioni•ztion nig'ht employ alpha rays rathcr than

te corona discharge. ?he magnitude of the effects due to a cor-

oLa discharge is determined by the arcing limit. The high

ficld intcnsity rerniired for tbhe s'mstcnance of the discharge

limits the current below the disruptive dischargc to rclatively

low valuies.
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