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ABSTRACT

The basic physical process considered is the appearance
of & pressure gradient in a slightly ionized gas under the in-
flﬁoncg of an electric field. On a molecular scale this pro-
cess involves thq acceleration of ions in an electric field
and the transfer of momentum to the main body of the fluid
througﬁ collisions,

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

The difficuiity of applying boundary conditions to the
mathtematical description of the process requires some simplify-
ing sassumptions. A simple one-dimensional model of the physical
situation is considered, the electrical field equetions being ap-
proached from the consideration of a space charge limited current.
The functional relations derived appear consiatént with the ex-
perimental results for the limiting cases implied by the assump=
tions.

Velocity variations encountered in the induced flow of air
present queétiona regarding the bulk parameter which describes
the molecular interchange of momentum, the ion mobility. While
this experiment was not for the purpose of measuring ion mobilie
ties, it is believed that in any applications involving the basic
process in the working fluid of the serodynamicist the time, dene
sity, temperature and humidity dependence of the ion mobility re=-

quires data which is not now available,.
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SYMBOLS
a 2/€
Cross sectional area of tube,
Electric field strength,
Current in amperes .
Current density < current/area.
Ion mobility.
Axial distance between electrodes.
Hydrodynamic pressure,
Alrstyream velocity.
Ratio of airstream velocity to the maximum ion drift
velocity.
Electric potential,
Axial distance measured from point.
Dielectric constant for air.
Efficiency in %.
Alr density.
Charge densitye.

UNITS

A rationalized length-mass«<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 is found convenient to retain the volt as the unit

of electric potential with the result that force is given in volte

coulombs per foot. In this syatem the dielectric constant has

ﬁhe value

€ = £.70 x 10"12 coulombs

volt-fect

The hydrodyﬁamic pressure in electrical units is in volt-coulombs,

£t 3

TPor p in lb./ft<,

1 voltecoulombs @ 7376 1b
3 72



I. 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 conside=
ered is, nevertheless, real and measurable, This effect,
which is well known but of only passing interest to the phy-
gicist and electrigal engineer, 1s the "electric wind" or the
flow of air induced by & point coroné discharge,

| The complete problem involves an interaction between the
electrical fileld and.the flow field of the air., The electric
field induces an air flow, and the air flow, established ace
cording to additional boundary conditions, in turn affects the
electric field, |

To prevent the analysis of the problem froﬁ becoming hope=-
lessly complex so that the "how much" as well as the "why"
may be answered, a simplified one~dimensional model of the sy~
stem ie considered. For this model apyroximations are required
only for the boundary conditions since the governing field ee
ouations arc quite simple.

Initally considered is the pressure resulting from a given
electric field and charge distribution « the charge distribu=-
tion being determined by the properties of the ions, the prop-
erties of the air (mainly velocity and density), and by the

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



electric field is estimated from the measurable charac.eris-
tice of the discharge varying the air velocity. Then, for
glven boundary conditions on the air flow the induced air-
stream veloocity may ve determined as a function of the elec~

trie current,



Il, PRESSURL DUE TO IOL WOTION

Eomentum Ixchange and ITon Mobility

Of interest in this study is the behavior of a slightly
ijonized gas under the 1nf1uence of an applied electric field,
5311ght1y ionized® refers to the proporiion of molecules ion=
ized and does not imply that the charge density or the elec-
 trical forces on the charges need be small. The condition
that the gas is slightly ionized holds scnerally for a joint
corona discharge except for a small localized region of break-
down nesr the point. 1In addition, outeaide of this localized
region, the ions are unipolar, énd we may consider the motion
of ions of only one sign.

On a molecﬁlar scale the ions are accelerated by the e~
lectric field and interchange momentum with the neufral‘gaa
moléculee b collisione. |

On a macroscopic scale the bulk rroperty which charace
terises this molecular interchange is the ion mébility. 1f
uj is the average fon drift velocity and E the mégnitude of the
electrié fiéld, then.the ion mobility, k, is defined by

uj = k¥

To show that ¥ is actually a parameter which relates the
electric current to the momentum exchange with the gas, cone
sider ion motion through a stationary gas., MNultiply both sides

of the defining equation for k by the chargc density, o ,



0" uy = ki o

or 672 Cu =]
k X
Now, O uy is_dustvthevcurrent density, j, while oE is a force
?er unit vdlume 6r beﬁter a presgsure gradient exerted on the
fiuid T conductsr.
| The ion mobility is readily related to the conductivity
éf a contirmious medium. If the conductivity, ¢, is defined by
the relation - \
J = eE where J is the current densiﬁy:

then ¢ = ok
The conductivity is more familiar as describing the macrosopic
properties of electron motion. In this case the momentum trans-
fer to a continuous medium ies extremely small, Xk heihg of the
| order of 104 times the value for that of negative ions in air.

The functionanl relation of % with the'molecular rroperties
of theviona and neutral molecules may be derived ueing the kin-
etic theory of gases after some suitable choice of & molecular
model, Different molecular models result in differences in the
calculated temperature dependence of k. Phillipéﬁ)meaauréd the
mobility of positivé'and negative ions in air at constant pres-
sure for temperatures between 94° and 411° X, These results re-
duced to constant density (using the perfect gas eQuation)(show
the mobility independent of tempernture above 2500 X. In agree=

ment both experimentally and as derived for all molec¢ular models

is the density dependence of k. The mobility is inversely pro-



portional to the density of the gas,

The experimental values of the ion mobility are not too
well defined except for well contr:lled experiments with pure
gaseé where therevis some certainty about the naturc >f the
ions, There is @specially some uncertainty about the wvalue
of k for the following experiments which were performed using
rodm air. ‘

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

This is especially true for the rositive ion for which there

is a characterist’c time at which ions of a different mobility
appear, Experiments indicate that for small time the mobility
of the positive ion is approximately the same as that for the
stable negative ion « the mobility decrcnsing with time. This
*aging® of the positive ion is generally accepted to result
from combination of the ions with other neutral molecules,

To give an order of magnitude of the characterisfic‘time of the
vogitive ion Laeég)states that "no more than two mobilities and
usually only one mobility appear for ions in a éure gas at any
age below 10=° seconds." |

The priﬁary negative ion in air in a corona discharge is
formed by electron attachment to oxygen'molecules. Thus, in
a negative point corona dischorge there is also a characteristic
time for the formation of the negotive ions. This time dependence
of the ion mobility will later be considered as a possible ex-
planation of variations in the induced vclocity of the air in the
corona discharge,

Tor certain limiting conditions the ion mobility may be
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bonsidered constant. As an example, if thc electrode geometry
and/or the-airstream velocity are such that the time of passage
of a positive ion is less than the characteristic time for which
fonemolecule combinations are probable then the mobility may rea-
sonably be assumed constant. |

S With fegard to ﬁhe density dependence of k%, in thc experie
ﬁents éf this study the airstresm velocities range only to the
order of’200ft/éec. allowing the ayproximation of an incompresa-
ible flow of air. It will further be seen that the electric
field forces are an order of magnitude smeller than the maximunm
dynamic forces of the airstream so that density éhahges due to
préssure may be neglected. ‘Thua, throughout‘%he region of the
disch&rgeﬂthe ion mobility will be assumed independent of dene
gitve |

Approximate vnlues for the “aged" positive ion, k’*, and
for "new" positive ions and negativé ioha,vk",, in dr& air at

standard seca level density are

¥ e 1.5 x 10°° ft/sec
volts/Tt, . ' (1)

, Ref: Thomson Pelid
k =z 2.3 x 107% fi/sec
’ VOltS fti



Pressure Gradients in an Ionized Gas

Conslder the motion of a uniform airstream with velocity,
U, in the direction of & high voltage electrode point. Outside
of the small region of breskedown near a positive paiht there
is a density'of”gcsitive charge, O , which moves under the aé-
‘tion of the airstream and the electric field, IE,.

- For this one-dimensional incompressible flow of air the mo=-
mnentum eguation of continuum mechanics reduces to
Vp= 0%5_

i.€s, the pressure gradient is proportional to the charge den-
sity and the resultent electric field.

The conservation of charge is expressed by the equation
T e o (TN
where.z is the currcnt density (current/area) and klia the ion
mobility. The sum (u+XZ) répresenfs the resultant ion veloce
ity = the ion drift velocity, XE, now being measured relrtive
to the moving airgtream.

Tor the stotionsry cose, uw0, the ;roblem is much simy.lified

sihce

the current now having the same direction as T,

Thus vp-l3l_ 7T =3
. ¥ IA,‘J, ¥

- since as before I and §j are collinear.



This rather simple rcsult shows that for this stationary
case the pressure gradient may be determined without zny ex-
plicit knowledge of the field strength or charge deneity which
may be difficult to determine for 2l1ll but the simplestfof
geometries, fChattock(é)used this result to measuré the mobil=
ities of ions yroduced in 8 point-to-ring corona discharge.
Endlosing the electrode pair in a glass cylinder and making
~ the distance between the electrodes large compared to the di-

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

sional giving

ey
dx k

and Ap g il
Ak

where 1 is the tvota.l measured current, Ap the pressure dif-
ference along the tube, A the croeafsectional area Qf the tube,
and 4 the axial distance between the electrodes.. With this
arrangement ¥ was determined by measuring the pressure differe
‘ence and the current, giving the "right answer“‘after some
manipulation with the geometrical parameters. |

For thé case of an air flow superimposed on the discharge
the problem is much more complicated even with the one-dimen-
sional assum: tion which will be maintained, The one dimensional
mdmentum-equation is

dp =0
dx

where now



giving dp = J E
dx u+ k._«i

In an integration over x the currcnt density might lege-
itimﬁtely ﬁe assumed constant if the electrode spscing is large
compared to the radius of the outside electrode. #owéver,
_ihe'fiéld atrength now appears explicitly. An attem;t to
avply the simplifying assumption of a one-dimensional field
lcads to some difficulty with boundary conditions eépecially
at x = 0, i.e., in the neighborhood of the point. Here the
field is highly noh-uniform, & condition which is necessary
for the ocourrence of the corona discharge.

The problem of determining the pr:ssure difference across
the corona discharge from the above equation resolveé itselfl to
finding an approxiﬁate one«dimensional exprcssioh for the elec~
tric field. This requires a consideration of the cﬁaracterisa
tice of the point corona discharsze and how these characteristics

are affected by an airstream.



“« 10 -

IIT. CHARACTERISTICS OF THE COiONA DISCHARGH IN AN ALRSTilidide

The.Point Corona Discharge

The electrical discharge at a point may be described in
various phaées.' For & positive point the phases may be enu-
Imerated as follows:

1l.) Conduction below ionization by collisions

For low applied voltage the current to the point de-
pends upon ions produced by an external agent; In normal
room air the magnitude of this current is minute and dis-
continuous. |
?.) Conduction with Ionization by collision.

For higher applied voltages the field stren;th ine
creases tovthe proint where electrons resulting:from external
foniztion gain sufficient energy in the field to cause
further ionization by collision. For sufficientiy large
field strength the "Townsend avalanche" effect results in
a current pvlse, which greatly magnifies {he effact of the
original electrdn. |
2.) Tﬁe Geiger Counter regzime.

For still higher field strength a single externally
produced ion results in an “"avalanche" in which sufficient
radiation is produced to cause further photoeleétric ion~-
igation in the gas, A large current pulse builds up to a
point where the space charge distortion of the field chokes
the process of ionization by collision and the discharge

cCEensen.,



-1l -
- 4,) Conﬁinuous corona regime,

For yet higher applied voltages the space charge dise
tortion cannot reduce the field»strength to the point of
choking and there results a self sustained~dischérge.

The visible corona glow now appears about the point. This
~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 increased to the point where
the breakdown of the gas extends across the electrode g8
This may initially be in the form of “pre-breakdown streanm-
ers" or"brushes", Finally, the corona discharge culminates
in an are diacharge. ’

The only phase of the dischargevwhich is considered here
is the continuous or self sustaining discharge. vFurther, it ie
consideréd only from the viewpoint of continuum mechanics with-
ocut reference to the "mechanistic® descriptions‘of electron av-
alanches, etc. TProm this point of view there are no distinctions
to be made in the description of the electric field in & posie-
tive or negative discharge. The only difference considered is

that of the bulk parameter k, the ion mobility.
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Point to Cylinder Discharge

The geometrical electrode arrangement to be considered is
that.of a point to coaxial cylinder with the cylinder diaplaced
downstream of the point as illustrated in figure 5. This are
rangement presents 1isclf as amerodynamically "clcan" with re-
svect to the flow of alr., This is important since in the meas~
urements made the eleCtrical presgsure forces are of the same ore
der of magnitude as the frictional forces,

The description of tﬁe electric field in such é dischrrge
presents a difficult task if an exact solution is desired. ZEven
far the simpler cezse of no space charge, exact solutions are
readily obtained only for very simple geometrical electrode ar-
rangements, i.e. where the boundary conditions zre simply given
in an approprigﬁe coordinate system. With appreciable space
charge, which is the case in the region'near the point électrode,
the boundary conditions to be applied in the Soiutioﬁs of the
field eaouation are not only difficult to express mathematically
but are difficﬁlt to determine, |

Reasonably accurate solutions for the infinitly long, thin,
wire to coaiial cylindcr corona discharge have been deweloped
and are presented by Loeb.(z)A solution of Laplace's equation is
derived neglecfing the space charge outside of a cylindrical
surface at which the boundary canéition is applied. This pro=

cedure of neglecting the space charge and using Laplace's e~
ouation as an apyroximation to the field seems to be a generally
accepted method of approximating the field for general electrode

. arrangements,
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If this approximation is accuepted for the point corona
discharge, then it would be expected that yressures due to
mqmentum exchangé would dominantly occur in the vicinity of the
voint electrode where the fiéld forces as given berapiace's e=
quation are éxtremely high, falling to negligibly smell vaelues
.ovsr a dist-nce small compared with that of the electrode space
ing. ZXvidencc that this is not the case is prescnted by Chat-
tock(4) in his preliminary investigations pf the pressurcs on a
flat plate in a point to plane dischargc, Eressure‘distributions
were obt~ined at constant current and electrodc sfacing for two
cases, The first cose was for a gsimyple point to plane geometry.
"he second case involved an additional electrode surrounding the
roint which collimated the field except in the neighborhood of
the yoint. With the field collimated the prcssure distribution
wes sharply pesked just opposite the point and fell off ropidly
with the radial dist nce from the centerline. 'Without thc collie
mator the pressurc distr bution w's relatively flat with apprecie-
able pressure being meint-ined on the plate to éhe limit of the
traverse mechanism, Chattock's conclusions were that

"The pfessére cennot be due cither wholly or in considerable
part to the imyarting of momentum to the zas at the point itselfy
otherwise the pressure curves a and b would be alike, since the
field at a discharging voint is constont for a given current®.

This evidence and the ayparent success obtained by Chattock
in using a one-~dimensional cnalysis in the peint ﬁo ring discharge

discouraged the usc of an clectric field calculated by neg-

lecting apacce charge and applying this result to det.rmining the

§
]
/
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pressures, Such an anslysis would ve productive if a suitable
k boundary condition could be calculated and applied at some sure
face outside of the immcdiamte neighborhood of the point i.c.,
at sdme surfrce outside of which the space charge might legite
imatgly be’nEglecfed in describing the field, 3Such an analysis,
while complex for a stétionﬁry fluid, bec mes further complicated
for the rresent case in which the air stream and the discharge
~are ihterdependent. Thé airstrcam influences the boundary cone
ditions of the electric ficld and the electric field in turn
influénceaﬂthe induced vclocitics due to the pressurc gradient,
The simplified model to be considcored is that of a onerdim-
ensional space charge limited current in a sne-dimensional ine
compressivle flow of aif. The one-dimensional assumgtion is
maintained throughout, including the ion source, The lons are
assumed to emanatc from a planar sonrc. at » xotentiﬁl eqnal to
that of the starting otentianl of the continuous corona discharge,
T™he potahtial droy or énode-fall is trken an the diffcrence be-
twecen the arplicd rotential and the stfrtihg votential of the
discharge. This energy loss may be considered as that recuired
for creation of the ions including losses by radiation, excited |
solecnlar statcs, and chemical reactions as well as the energy

manifesting itself in uwesefnl ionization.
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The BElectric Field in One Dimension

If D is the electric excitation in units charge per unit
érea and © is the charge density in units charge per unit vole
ume, then

-
V-D =6
"sing the electrostatic charge=force relation given by
D=eE |
wheéere € is the dielectric constant, the differential equation

for the electric field vector, ﬁ} is

V.E.e.%“

Por the one~dimensional case

it . O
ax 3

Using the equation expressing the conservation of charge,

this bheeomes

or

1 a(u+kxn) =3 ax
5k ¢

Integrating between the electrodes from x = O which
is taken to‘be the edge of the small replon of breakedown
about the point anode and letting B, be the field strength atb
x® 0
A(u+kn)? - (u+ksy)” =2 kix
3

2
we ) gij+(u+kE)]-’~-u
'k[a ° k
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This expression may be further aimplified if the one-
dinensional approximation is maintained by assuming that the
ion source is & planar ionized Iayer§ then Thompaon(lkghaws
thaf the field strength at the edge of such a planar source
may be neglected. ith this sssumption the expreacion for

the electric field becomes

3
sl s 1rjx+u9] T wu
¥l e ¥

aving an expressiosn for the field strength, the équaaion
for the pressure gradient in terms of § and u may be written
down 1mmediately. However, from the prossure grm&iént it would
be difficult to experimentalliy check the validity of the onee
dimensionnl aspumption over any rensonable tange of ai: strean
veélocities since electric field forces become veéy small in come
parison to the dynamic presoure forces and thevviscéusvfcrces
at the bouundary of the flow,

The range of velocities and currents for which this ce
~uation may be valid vill be estinated ﬁy;cﬂrryéng the one=-dime
ensional analysis further to obtein a2 relation for the current
in terms of.the-velacity and applied potential. These relat-

ions are rcaily checked exrerimentnlly.

# p. 206
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| One-Dimensional Voltage-Current Relation

As an electrostatic problem the field is irrotational, i.e.
Eg - %gwhere $ is the electric potential.

’ b
Thua’

¢ = -J; L dx
Integrating the expression for T from xe0 to xe { and letting
<A4> = f -y

AG = S:'de;%fp'{@ma-uzj %_u'&dx

' 3
=2 1 ajxl +u?| T - us}-lu where a » 2
T ajk< {[ ] 3 (A

To get an approximate, explicit expression for the current
thé magnitudes of the various terms must be evaluated, especially
the constants of integration ®,. The current as & function 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
starting potential, | |

In an attempt to avoid the details of the non-uniform field
assume that Afe V - Vg, 1.6,y that the anode fall of potential
is V =« Vg. Considering first the simpler case for u = O

‘Db eV-Vge2[asxe]?
' 3k

Before checking the validity of this equation in the light of ex-
perimental results the order of magnitude of the quantity ajkf ,
which has the dimensions of a velocity squared, will be
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estimated. This velocity is in the one~dimensional case for
"u e 0 the maximum ion drift velocity attained at the down-
stream electrode. Corresponding to experimeﬁtal valueé, let:
L= axial‘dietance vetween electrodes = 6.25 x 1072 ft.
A s cross sectional area = 2,08 x 10~% ft,
'In eddition, let

a uw 7441 % 1011 volt=ft A dielectric constant in vacuo
" ecoulomb

Jwix 10~6 where 1 is the measured current in micro=-

a‘mps .

and assume
ke 1.6 x 10=° ftéaec
volta/ft

ajkl .(190 £t )2 /pamp.
' sec

then,

and the current in microamps, is

1 = 4.18 x 1078 (vovg)?

The current - voltage relation of the point corona is

usually described by an equation of the form

1 wCV (V-Vg)
This agrees with experimental results over a large range of
voltages, FHowever, for large currents the data is better de-
scrived by a relat;on of the form

| isC (V-vg)?

For large currents where the approximation v

aJk£77(kEo)2 is valid the experimental results cor-

responding to the above equation gives
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1 = 3.3 x 10°8 (vevg)?

’Tﬁe agreement with the approximate equation is quite
satisfactory since the concern here is primarily to establish
some justification for approximate relations for the §ressure
difference ﬁcross thé,discharge. Better agreement in the
.COnstant of proportionality might be obtained by some manipu-
lation of the'geometrigal parameters, Tor instance the dis-
tance, £, may be considered only as a chnraQteristic length.
Tsing the distance between the electrodes for this-length is

correct only as a orientating value,



Current as a Punction of Voltage and Airstream Velocity

Under the influence of a moving airstream the current is

given implicitly in the one-dimensional case by

v_-vs.z 1 {[a3k£+u‘]§-u3}-§§&

Tor aikl >u?,

v .. Vs -%a L {[(a,jkﬂ 2+ g_ug (ajkl )é'-i' ]-u]%&

_._zn(kz)%z -z3~-g_f_z

= Bf (ndVafouw g cRd - g
Introducing the velocity ratio parameter ur‘-' u

{ajkf yé
VevVsz22 (ajxe)¥ - ug 1-ur...2ur2]
3% k[ K
Dividing by the current density at zero velocity, Jo, and

rearranging

[}_o_]é . 1+‘(z{.VB (1 - up %ur ) [1__]

This relation expresses the characteristics of the dis-
charge in an airstream. The major physical argument leading to
its derivation is that the ions enter the'electric‘field with
the velocity u and the electrostatic potential ehergy (VeVg)e

The equation is etill impliecit in i since uy is a function

of i« A simple explicit expression iz obtained for the case

«l, viz.
u( » .9

r
‘ % : << 1
i 1

[‘i‘Z] S = e )-

" This relation expresses the experimental results for a
limited range of voltage and velocity implied in thé derivation.
Tor high applied voltage, i.e., with increasing space charge,

this relation appears to apply, as can be seen from figure Z.



The deviations from the linear relation of(l;? vs.( u ) occur
i V-Vg

with decreasing applied voltage.

In attempting to evaluate the geometrical factor, £ , using
the supposedly more accurate expression involving the .expansion
in terms of the‘velocity ratio, up, it was found that the ape
‘proximate expression for the current was a better functional re-
lafion in u. This would further limit the use of the assumed
expression for the field strength to the condition that up<« V.

The data of figure I represents airstream velbcities only
as low as 75 ft/sec. Tigure 3 indicates that the dato may bve
linearly extrapolated to lower velocities,

From the above it is expected that the equation for the
assumed electric field may be nrvulied to evaluating the pressure

under the restrictions of high voltage and small velocities,

Tmpirical Current-Velocity Relation for Low Voltages

A atrictly empirical reduction of the data gives the sjmple
representation illustrated in figure 4. ?his relation is valid
for lower applied voltages, i.c., below the reéion of validity
of the equations of a one~dimensional, space charge limited cure
rent.  The éurrént is implicitly

2 [l-kc HE] 2 where ¢ = constant,

i
io 1
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1V, PRESSURE DIFFERENCE ACROSS THE DISCHARGE

Calculated Pressure Difference
The one-dimensional pressure gradient is

dp aSE = 1 I
dx u+ ki

"'sing the simplified expression for the field étrength, vig.,

B -'% [aij‘-l-uE]'é"-%:_

dp = 11~ u___
=t [ (aij-i-u"){]
Letting Ap = p,,, =~ P,.o

P
ar e %‘{ [1 ) la,jkx‘fru“)é’] dx

= j& [l-ﬁ u, {1+ urz)%+ur2_] where up » ..U

k ]/aj ke

For up« 1
Ap = 2 [rl - % ur]

This reprgsents the preasure difference due to a space
charge limited current for airstream velocities small in re-
lation to the maximum ion drift velocity.

The ahove'expression for the pressure involves ounly the
current and the airstream velocity; the applied voitage does
not appear explicitly. An expression for the pressure dif-
ference as it varies with airstream velocity, only may be obe
tained By substituting the exypresaior for the current as a
function of velocity e&s previously derived.

The current as linerrized for small velocities is

J_. = 1+3 L2
Jo ajo¥4




This gives to first order terms

Ap ,%&g_ 1+»(3V§‘ - %)u{l
X o =

or approximately,

AppM’1f5 u
v k L EW

This rather encouraging expression indicates that the

préssure difference increases if the airstream velocity is
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
limits placed on the velocity by frictional losses are quite

restrictive.



Leasurements of Induced Velocity

Since the pressure difference across a point corona dis-
charge is of the order of 10™% 1nches>of water at atmoépheric
preaéure, it was decided that it would be puch ervier to mea-
sure the indﬁced-velocities. To do this a2 hot wire anemometer
wﬁs constructed and calibrated on & whirling arm. .

' In order to trke mensurements with the hot wire equipment,
which was at ground poténtial, it was necesoury that the ine
duced flow be transported to a regilon outﬁide of thé influence
of the diascharge. 3y extending the cylindrical electrode suf=-
'ficientiy downstream the influence of the hot wire probe became
negligivle, This wns checked by noting changes in the corona
current and by measuring the discharge current picked up by the
probe., As a result of minimizing the effects of the probe on the
discharge, the incressed wall friction is by no ﬁeaﬁs small in
relation to the pressure forces in the discharge; Tor exam)le,
the preséure dror due to wall friction w s of the order of two-
thirds tne pressure difference across the'discharge.

In figure 5 two typicsl induced velocity prdfiies at the
downstream end of the tube are illustrated. Included is a vel-
ocity préfile yithout the discharze showing the magnitude of the
effect of the wall friction. Tigure 8 ié a vlot of the centere
line velocities as a function of the current. ""hile there is
some variability in the plotted data the severity of actual var-
iations is not shown since only time average vrlues of the vel-
ocity are plotted. Velocity differences for curve {a) in figure

5 were of the order of * .6 ft/sec. Mrom the outset of the ex-
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‘ periments which included a nmumber of electrode arrangements

these velocity fluctuations which could not be correlated
with voltage or current fluctuations were encountered.

Discussion of Velocity Variations

_The wide ranges dr induced velocity which had been attained
for a fixed applied potential and constant current suggested
thét the variation was ¢ue to changes occurring in the strecam a-
~ way from the immediate neighborhood of the point. For a fixed
current, conditions at the point should be constant. It was then
realized that the time dependency of the ion mobility due to
ion-molecule combination might be of importance. One way of
checking this was to reverse the polryity of the electrodes to
sce if the variations persisted for the negative ion. Tor the
same geometricsl arrangement the only factor which wguld De
different would be the mobility. |

To accomplish this check for the same geomefry and to kecp
the hot-wire probe away from the "hot" electrode the arrangement
shown at the top of figure 7 %aa used with the 5ot~wire upstream
and a center electrode support added. This 3uppdrt>further add=
ed to frictibnal losses and gives an increased amount of turbu~
lence at the point as compared with the original arrangement.
There, the center electrode extended as & thin rod from the stag-
natibn region. Yowever, these factors probably do not detract
from the primary purpose of illustrating differences due to a
difference in the ion mobility.

In figure 7 the induced velocity as a function of measured

current shows a range- of velocities for a given current for both



the positive and negative point discharge. A most important
feature is ﬁh&t the minimm induced velocity for the positive
discharge is very nearly the same as the maximum for the nege
ativé diacharge.,‘An additional point to note waé that one come
plete run was completcd under approximately the anme conditions
dnring whieh the induced velocity wags wtable, "This stable velow
city corresponded to the minihnm for the positive discharge.

" An additional factor to be considered is the efféc% 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.
The relative humidity for the experiment in question was mease
ured at 479 using a sling psychrometer,

It has been atated(l)that the mobility of positive ions
is only slightlyvaffected by moisturec, This result‘gctually ree
fers to the so cnlled “"asged™ poeitive ion. Tyndall and Grind-
lcy(Q)faund that | |

"The initial positive ion has n mobility which is indis-
tinguishable from that of & negative ion, and which is affected
by water vapor in the same way".
Thus, if the mobllity that is of imrortance here is basiczlly
that of the initial positive ion, then appreciable changes due
to moisture content can be expected to occur. HYowever, 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 Leasurements

In all the measurements obtained of the induced ?elocity
the results are somewhat beclouded by the magnitude of the
frictional losses and the'vafiability noted in the'veiocity.

For a best-eatimate of the pressure difference across the dise
éharge use is made of the data of figure 7 for the steady pos-
1tive discharge, i.co the dividing line bvetween negative and
positive discharge. For this case the ion mobilityrappeara to
be “pinned>down“_at least to some constant value, The pressure
drop due to frictional losses is estimated from Qelbcity surveys
at the exit of the tube in the absence of the dischargec.

Prom these velocity surveys the mean velocity may be cal-
culated, This is approximately the velocity at the enﬁrance to
the tube, where the velocity profile is neérly constont. The
bfrictional pressure drop is then correléted with that for the
induced flow at the same mean ﬁelocity. The pressure drop due
to friétion‘is rcadily obtained by applying Bernoulli's equation
to the core of the flow which is practicaily unaffected »y frice
tioh, i.e., unaffectes by viscous shear, not unaffected in the
sense that the core is accelerated. Thus, thé pressure drop is
obtained using only a velocity survey at the exit of the tube.

In the absence of frictional losses in the tub¢ the pressure
difference across the discrarge would be just equal to the dy-
namic head measured at the inlet. Actually, thé pressure'dif-
ference due to the discharge is the sum of the ihlet head plus

the magnitude of the pressure drop dve to friction. In figure 8



lh is shown the magnitude of the frictional loss at the measured
mean velocity. In the same figure the total pressure differe
ence due to the discharge is plotted as a function of the Cure
rent. Approximately two~thirds of the pressure increase due to

the discharge is lost'as a result of friction.



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 velocity ratio, up, viz..

Ap:é__[l-‘}ur

The limitations‘lmpoeed on the velocity which a:e'primarily
dué to frictional losses give a 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 bve neglected.

If the axisl distance between the electrodes is taken as .
1 and the current density computed using the cross-sectional
area of the tube, then the value of k which matches the straight
line of figure 8 is k = 2.4 x 10°3 ft/sec . This 18, to two

volts/ft

significant figures, the value of k given on page 6 and correcs-
ted for the air density of the experiment. It is probably the
corréct value to use since the "life® of the ione 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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V. CONCLUSIONS

1s) The restrictions placed on the induced velocity preclude
cénfirmation of the equations for the pressure differgnce to
anywhere near thé limits for which the characteristics of the
discharge in an airstfeam were obtained. However, the data
indicates that the one-dimensional analysis gives eséentially
the correct result for'lov speeds for the pressure difference
and, in addition, gives a reasonable description of the cur=
rent;velocity relation fof fairly high speeds. Thus, predice
tions based upon this model should not be too far from the
truth.
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 & particular problem is just such a questioh'which presented
itself and which was not answered. |
3.) With respect to seronautical engineering applications of
electricai 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 & pump can be
estimated from the expressions for the pressure difference and,
for & given applied voltage, the expression for the curreﬁt as

a function of the airstream velocity. The power input is just
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Vi and the power output is uAAp. As an example, from the
data of_figure 1l for a fixed applied voltage of 11,600 volts,
1, » 2.2 mamps, and considefing airstream velocities small in
compﬁrison to the maximm ion drift velocity the efficiency in
percent is’
N« +22u % (u in ft/sec)
For & mean induced velocity of the order of 5 ft/eec; the ef=
ficiency of the‘device‘aa>a pump is of the order of 17,
The efficiency is limited to low values for two reasonss
8.) The most important restriction is that .placed on the
velocity of the flow. This is primarily the result of
fr;ctional losses,
b.) The corona discharge is an inefficient source of ion-
ization, i.e., the useable power is (V-Vg)i whereas the
~ total power input is Vi, Vg is of the order of thou=
sands of volts whereas the useful ionizmation requires an
ionizing potential only of the order of 15 volts.

- To increase the magnitude of the effects considered here,
js€ey to introduce much higher charge and current densities
olher methods are certainly available. TFor example, the mech-
anism.of ionization might employ elpha rays rathcr than
the corona discharge. The magnitude of the effects due to a cor-
ona discharge is getermined by the arcing limit. The high
fileld inteneityvrequired for the sustenance of the discharge
limits the current below the disruptive discharge to relatively

low valuesn,
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