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ABSTRACT 

The mechanism of heat transfer enhancement across solid gaseous 

interfaces by corona wind directed towards the heat transfer sur

face is investigated. Basic principles of heat transfer, negative 

dc corona, and the nature of corona wind are studied. Voltage

current characteristics of negative dc corona in geometries which 

create corona wind are measured. The velocity distribution and 

velocity characteristics of corona wind are measured by Pitot-tube 

and by hot-wire constant-temperature anemometer. Corona wind is 

visualized by Toepler schlieren measurements. Corona wind is also 

visualized by the injection of carbon dioxide generated mist into 

the flow. Heat transfer measurements with and without corona wind 

reaching an upward facing heat transfer surface are made. 

Voltage-current characteristics of a corona triode are measured. 

The corona triode is used to generate corona wind and to control 

the magnitude of current which reaches the heat transfer surface. 

Heat transfer measurements in this corona triode geometry are made. 

Conclusions are that corona wind may adequately be described by the 

Navier-Stokes equations of motion. The Coulomb ion drag forces trans

ferred to the neutral gas background, create corona wind. The corona 

current is a function of the applied voltage and the electrode gap 

geometry. The average corona wind turns o~t to be proportional to the 

square root of the corona current. The corona wind velocity distribu

tion is bellshaped with a maximum of about 5 m/s. The electrokinetic 

conversion efficiency is of the order of one percent. The enhancement 

of heat transfer by corona wind is significant. Heat convection enhance

ment by up to 90 percent are measured. The enhancement of convective 

heat transfer by corona wind blowing on a heat transfer surface turns 

out to be proportional to the 0.3 power of the corona current. 

It turns out that the enhancement of convective heat transfer is only 

due to the augmentation of the hydrodynamic flow of the air. The corona 

wind is laminar, less turbulent than a mechanically created jet, has a 

small spread with a cross-section area of about 2x4 cm2, and has a long 

reach of up to 25 cm which makes it superior to mechanically created 

jets for enhancement of heat convection by blowing towards heat transfer 

surfaces. 

The Langmuir-Child equation for space charge limited current (SCLC) in 

vacuum is expressed in a general form in a gaseous media. 
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the Netherlands, 1987. 
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SYMBOLS 

Symbols in boldface are vectors. 

UPPER CASE LETTER SYMBOLS 

A 

B 

o 

Do 

De 

o 
Dt 

Eg 

E 

dE 

dx 

F 

F 

H 

Area [m'] 

Constant 

Diameter [m] 

Optical transparency [percent] 

Electrical 

[percent] 

current transparency of a grid 

Substantive 

derivative. 

derivative,or 

In the cartesian 

hydrodynamic 

two coordinate 

system = oldt + uo/dx + vd/dy 

Electric field intensity [Vim] 

BreaKdown field strength between two parallel 

planes [Vim] 

Onset corona field strength at surface of highly 

stressed electrode [Vim] 

Electric field intensity between grid and anode 

of a corona triode [Vim] 

Electric field intensity between cathode and 

grid, close to the grid in corona triode [Vim] 

Electric field strength paral lei to the 

direct i on [Vim) 

x 

Gradient of the electriC field intensity in the 

x direction [Vim'] 

Force [N] 

Force acting in the x 

Magnetic field intensity [Aim) 

Current [A] 

direction [N] 

Corona current from discharge electrode [A] 

Current through the heating element [A] 

Corona current collected at the plate [A] 



IS 

Iw 

K 

L 

M 

P 

ix 

Saturation corona current [A] 

Corona current collected at the wires [A] 

Mobil ity [m' /Vs] 

Length of an electric flux line [m] 

Air mass flow rate [Kg/s] 

Number of air 

per second [S-1] 

molecules crossing a plane 

Number of ions crossing a plane 

per second [s-1] 

Power [WI 

Ph Power consumed by a heating element [WI 

Pin Average input power [WI 

Q Charge per pulse [C] 

R Resistance [Q] 

Rhe Resistance of heating element [Q] 

Rh Resistance of hot wire of anemometer probe [Q] 

Ro Resistance of cold wire of anemometer probe [Q] 

Rth Thermal resistance [oC/W] 

T Temperature lOCI 

Ta 

Tmax 

Tp 

Ts 

dT 

dn 

AT 

Ambient temperature lOCI 

Maximum temperature lOCI 

Temperature of plate lOcI 

Temperature at 50 lid-gaseous interface lOCI 

Temperature gradient normal to a cross-section 

area considered [oc/m] 

Temperature gradient normal to a cross-section 

area considered at the surface [oC/m] 

Temperature difference [oC] 

ATC Temperature difference between heated 

surface and ambient when corona wind is blowing 

at heated surface [oC] 

ATn Temperature difference between heated 



dAT 

dt 

x 

surface and ambient when no corona wind is 

blowing at the surface rOC] 

The rate 

temperature 

of change of 

difference [oC/S] 

Scalar function 

Voltage [V] 

the 

Voltage output of anemometer measuring unit [V] 

Potential between grid and anode of corona 

triode due to voltage of cathode [V] 

Corona inception voltage [ V] 

Voltage appl ied to corona discharge gap [V) 

Corrected potential between grid and anode of 

corona tr i ode [V] 

Vgr Voltage appl ied to grid [V] 

Vo Voltage output of anemometer measuring 

unit at zero velocity measurement [V] 

dV 

dx 

x 

Potential between biasing grid and anode for 

which anode current is zero in a corona triode 

[V] 

Voltage gradient in the x direction [Vim] 

Kinetic energy of the corona wind [J/s] 

Electrical energy dissipated in the corona 

discharge per cecond [J/s] 

WorK done on an ion in traversing the drift 

regi on [J) 

Flow resistance coefficient of a 

[percent] 

grid 



xi 

LOWER CASE LETTER SYMBOLS 

a 

a 

c 

d 

d g 

f 

g 

h 

Distance between grid wires of corona triode [m] 

Constant 

Constant 

Constant 

Constant 

Reduction factor [dimensionless] 

Geometrical factor 

Specific heat capacity of heat transfer 

surface [J/kgOC] 

Corona geometry spacing between cathode and 

anode [m] 

Length between cathode and biasing grid 

in corona tr i ode [m] 

Length between cathode and plate 

Length between cathode and wires 

Electronic charge [ 1 .609 x 10- 19 

Force density [N/m 3 ] 

Force density paral lei to the 

x direct ion [N/m 3 ] 

Force density paral lei to the 

[N/m 3 ] 

[m] 

[m] 

C] 

y direction 

Constant of acceleration due to force of 

grav i t Y [m/s'] 

Convective heat transfer coefficient 

[W/m'oC] 

Convective heat transfer coefficient from heated 

surface when corona wind is blowing at the 

surface [W/m'oC] 

h I He i ght of light source image [m] 

.6.h I Reduced he i ght of light source image [m] 

Natural 

[W/m'oC] 

convective heat transfer coefficient 

Manometric pressure measurement [m] 

Instantaneous current to wires [A] 



m 

dn 

dx 

p 

Pm 

dp 

dx 

b.p 

xii 

Instantaneous current to plate [A] 

Current density [Aim'] 

Current density in the x d i rec t i on [AIm'] 

Current density in corona triode between 

cathode and grid close to the grid [AIm'] 

Current density along axis of pOint-to-plate 

geometry measured at the plate [Aim'] 

Current density in corona triode between 

gr i d and anode [AIm'] 

Saturation corona current density [Aim'] 

Current density at an angle 

of pOint-to-plate geometry 

p I ate (Aim'] 

from axis 

measured at the 

Therma I conduct i v i ty [W/moC] 

Thermal conductivity in boundary layer (W/moC] 

Length from biasing grid to anode in a corona 

triode [m] 

Mass [kg] 

Mass of one air molecule [kg] 

Mass of one ion [kg] 

Refractive index of a medium [dimensionless] 

Gradient of refractive index in the 

direction [m- 1 l 

Pressure [Pal 

Measured pressure (Pal 

x 

Pressure 

[Pa·m- 1 l 

gradient in the x direction 

Pressure difference [Pal 

b.Pm Measured pressure difference (Pal 

q 

qc 

qk 

qnr 

Rate of 

Rate of 

Rate of 

The net 

surface 

heat transfer [Wl 

convective heat transfer [Wl 

conductive heat t. ;'ansfer [Wl 

heat which is radiated away by a 

[Wl 



tc 

dt 

u 

xii j 

Rate of heat transfer by radiation [W) 

Radial distance [m) 

Differential radial distance [m) 

Spacing [m) 

Spacing of combs [m) 

Spacing of wires [m) 

Differential spacing [m) 

Time [s) 

Time in which power is consumed by heating 

el ement [s) 

Control time [s) 

Differential time difference (5] 

Air velocity paral lei 

direction [m/s) 

to the x 

u av Average velocity of corona wind [m/s) 

uavc 

U avo 

U avs 

Ui 

ui 

u (r) 

U max 

u' 

bou 

Average velocity of the corona wind 

centra I core [m/s] 

in the 

Average velocity of the corona wind in its outer 

region [m/s) 

Average space charge 

velocity [m/s) 

I imi ted corona wind 

Free stream average velocity of mechanically 

created wind from orifice [m/s) 

Ion velocity [m/s) 

Ion velocity parallel 

direction [m/s) 

to the x 

Radial distribution of velocity paral lei to the 

x direction [m/s) 

Maximum velocity of corona wind paral lei to the 

x direction [m/s) 

Velocity component to which anemometric probe 

is most sensitive (m/5) 

velocity difference paral lei to 

direction [m/s) 

the x 



du 

dx 

d' u 

dx' 

Ou 

Ot 

v 

dv 

dy 

Ov 

Ot 

x 

dx 

dx 

dt 

xiv 

Gradient of velocity u 

direction [5- 1] 

Second derivative of velocity 

x direction [m- 1s- 1 ] 

along the x 

u in the 

Substantive derivative of the velocity u [m/s'] 

Air velocity paral lei to the 

direction [m/s] 

Gradient Of air velocity v along the 

direction [5- 1] 

Second derivative of the velocity v 

direction [m- 1s- 1] 

in the 

y 

y 

y 

Substantive derivative of the velocity v [m/s'] 

Linear displacement in x direction of 

cartesian coordinate system [m/s] 

Distance of anemometric probe below wires 

of EWS [m] 

Differential I inear displacement [m] 

Velocity ;n the x direction [m/s] 

Cartesian coordinates [m,m,m] 



xv 

GREEK SYMBOLS 

a 

(l 

x 

Viscosity [Pa·s) 

Temperature coefficient of 

Resistivity [(OC)-I) 

Conductor roughness factor [dimensionless) 

Relative air density [dimensionless) 

E Electrostatic permittivity [F/m) 

dE Variation of permittivity of medium with respect 

dPm to the density distribution [F~ /Kg) 

K 

Electrostatic permittivity of vacuum, 

8.854188xl0- 12 F/m 

Relative permittivity of 

[dimensionless) 

Angular displacement [degrees) 

Dummy variable 

Constant 

Overheating ratio [dimensionless) 

Magnet i c permeab iii t y [H/m) 

a medium 

Variation of magnetic permeabi I ity of medium 

v 

'if 

Pm 

with respect to the density distribution 

[Hm' /kg) 

Kinematic viscocity [m' /s) 

Foca I I ength of sch I i eren head I ens [m) 

Mass density [kg/m 3 J 

Pmf Mass density of manometric 

fluid [kg/m3 ) 

p 

CJ 

\J 

Charge density [C/m3) 

Stefan's constant [W(oC-4)J 

Time constant [S-I J 

Light intensity [LumensJ 

Light intensity difference [Lumens) 



~ 

V 

n 

xvi 

Efficiency [percent] 

i%x + j%y + Kd/dz 

Trichel pulse repetition frequency [S-I] 

Enhancement of convective heat transfer 

over natural convection [percent] 



CHAPTER I INTRODUCTION 

1.1 General RemarKs 

Heat transfer is an important part of many in-

dustrial processes. The enhancement of heating or cool ing 

in an industrial process may create a saving in energy, 

reduce process time, raise thermal rating and lengthen 

the worKing I ife of equipment. Some processes are even 

affected qua I i tat i ve I y by the act i on of enhanced heat 

transfer. 

Conventionally, convective heat transfer has been 

enhanced by mechanically created fluid jets or by air 

streams due to fan action. The jets are created by 

pumping a fluid through tubes or ducts to orifices. 

The investment and maintenance costs of such heat 

transfer enhancement schemes are high, especially due to 

the costs of pumping equipment and the corrosive action 

of the moving medium to the pipes or ducts, especially at 

high temperatures. Also operational problems such as 

generation of noise, reduction of the possibi I ity to view 

the heat transfer surface, and difficulty of cool ing 

compl icated geometries maKe conventional systems unsuita

ble in some cases. 

A corona discharge on the other hand creates a jet 

which is variously Known as corona wind, electric wind or 

electric aura. The corona wind, as this jet will be 

referred to henceforth, shows convective heat transfer 

enhancement over natural convection with very low inves-

tment and operating costs. Moreover a device to 

generate corona wind is very aimple in design, robust, 

and easy to operate. Especially it can be operated si len

tly without reducing the possibil ity to view the heat 

transfer surface, and can be constructed to cool even the 

most difficult geometrical configurations. 
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1.2 BacKground 

The corona wind phenomenon has been Known since the 

I ate 1600' s as was first reported by HauKsbee [1] in the 

year 1709. This phenomenon later drew the attention of 

the liKes of Newton, [2] Faraday, [3] and Maxwell [4]. 

ChattocK [5] is the first one to have described quanti

tatively the mechanism of corona wind formation. Subseq

uently the mechanism of corona wind formation was treated 

extens i ve I yin the literature. [6-11] 

On the other hand, studies of heat transfer enhance

ment by electrostatic fields started with Senftleben, 

[12] in 1931. Senft I eben and severa I other subsequent 

researchers, [13-15] attributed an observed enhancement 

of heat transfer to convection caused by an electrostatic 

wind. The electrostatic wind was thought to be created by 

the motion of neutral gas molecules due to polarization 

forces which were thought to exist in the gas media. Al

though this effect is present it is too smal I to be of 

practical 

That 

significance. 

corona wind as attributed by ChattocK may be 

directly responsible for the enhancement of the transfer 

of heat across so I I d gaseous interfaces was first repor

ted by Moss and Grey [is] in 1966 and later by others 

[17-26]. Appreciation of the effectiveness of heat 

transfer enhancement by corona wind in the late 1960's 

brought about an intense research to understand its 

mechanism thereafter. There now exist several patents 

which apply corona wind to enhance the rate of heat 

transfer. [27-36] 

Presently 

enhanced heat 

i ndustr i a I app I i cat ions of corona wind 

transfer can be found in bread or cooKie 

baKing improvement, improvement of machining processes, 

simpl ification and improvement of arc welding, 

improvement of the qua lit Y of plasma arc depos it ions of 

hard coatings, and the reduction of wear of cutting 
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tool s. [37, 38] 

Other areas of industrial appl ications are foreseen 

in the cool ing of semiconductor components in computers, 

cool ing of glass windows and mirrors of gas lasers, 

curing of tobacco leaf wrappings of cigars, drying of 

paints, enhancement of heat transfer from dry heat 

exchangers of thermal power plants, and many others. [38] 

However the heat transfer augmentation process had 

not yet been clearly explained because of the possible 

simultaneous involvement of more than one underlying 

physical mechanism. For example it was possible that the 

interaction of ionic current and the heat transfer 

surface 

layer. 

is important in disrupting the gas flow boundary 

It was possible that the corona wind 

characteristics are important. The corona wind may be 

turbulent, pulsating etc. The electrohydrodynamic 

mechanism of the corona wind had not always been properly 

formulated. 

If the process of heat transfer enhancement by 

corona wind is better understood it may be optimized and 

possibly also the door may be opened to an even wider 

field of appl ications. 

1.3 Scope 

Fundamental concepts on heat transfer are studied. 

Empirical and theoretical equations of negative dc corona 

are summarized. Understanding of these equations leads to 

the explanation of the effect of the corona discharge 

geometry on corona wind and consequently on convective 

heat transfer. Fundamental concepts of elec

trohydrodynamics of the gas flow are also studied. A 

theoretical treatment of the corona wind mechanism is 

given. This treatment is developed from the classical 

equations of Chattock [5]. Navier-Stokes equations of 

motion and Bernoull i's energy equation along a streaml ine 
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have to be properly modified to describe the corona wind. 

the experimental worK, a negative dc voltage is In 

appl i ed across a corona discharge geometry or electric 

wind system(EWS) to generate the corona wind. The corona 

wind is directed to a nearby heat transfer surface. The 

effect of the corona wind on heat transfer across the 

sol id gaseous interface is measured. In some of the heat 

transfer measurements a corona triode has been used to 

create the corona wind and to control the magnitude of 

current which reaches the heat transfer surface. To 

help understand the heat transfer augmentation mechanism 

by the corona wind, electrical characteristics of the 

corona discharge geometry have been measured. Qual itative 

and quantitative studies of the corona wind have been 

made. These consist of velocity distribution 

measurements of the corona wind by Pitot-tube and hot

wire anemometer, flow visual ization of the corona wind 

by schl ieren method, and flow visual ization by injecting 

carbon dioxide generated mist into the corona wind. 

A correlation between the experimental 

measurements and the theoretical analysis is made 

wherever possible. 

1.4 Organization of WorK 

The introduction outl ines some general remarKs on 

the subject of the thesis. The historical development of 

scientific activities related to the enhancement of 

convective heat transfer due to corona wind is also 

presented. The i ntroduct i on conc I udes with the 

description of the scope and orga~ization of the worK. 

This introduction forms ~hapter I 

Chapter I lout lines the bas i c concepts on heat 

transfer, negative dc coronas, and the 

electrohydrodynamic principles governing the generation 

of the corona wind. 



The part 

which forms 

5 

of my worK on 

chapter II I 

experimental 

outl ines the 

measurements 

diagnostic 

measurements on the corona wind. These include: 

-measurements of the voltage-current characteristics of 

negative dc corona in a geometry which is used to 

generate corona wind. 

-measurements of the velocity distribution of the corona 

wind by Pitot-tube. 

-measurements of 

corona wind by 

ter. 

the velocity characteristics of the 

constant-temperature hot-wire anemome-

-flow visual ization of the corona wind by Toepler 

schl ieren method. 

-flow visual ization of the corona wind when carbon 

dioxide generated mist is injected in the corona wind. 

-heat transfer measurements with and without corona 

wind. 

-measurements of the voltage-current characteristics of 

the corona triode. 

-heat transfer measurements with corona triode used to 

control the magnitude of current which is collected by 

the heat transfer surface. 

Chapter IV cons i sts of the conc I us ions. Areas in 

which further research may be undertaKen are pinpointed. 
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CHAPTER II FUNDAMENTAL PRINCIPLES 

2.1 Heat Transfer 

There are three commonly Known processes of heat 

transfer, namely conduction, convection, and 

rad i at i on. [39-41) 

2.1.1 Conduction 

Heat transfer by conduction is achieved when high 

energy particles pass some of their Kinetic energy of 

motion (translational, rotational, or vibrational) to low 

energy particles by direct col I isions or by the drift of 

free electrons in the case of heat conduction in metals. 

This process of passing energy is distributed in al I 

directions in a medium. Heat transfer by conduction is 

dominant in metall ic and semi-metal I ic media. The 

distinguishing feature of conduction is that it taKes 

place within the boundaries of a body, or across the 

boundary of a body into another body placed in contact 

with the first without an appreciable displacement of the 

matter comprising the body. Conductive heat transfer is 

governed by the empirical equation 

Where 

K is 

through 

dT 
= -K·A·

dn 

qK is 

the thermal 

which heat 

the heat energy 

conductivity, 

is flowing and 

temperature derivative normal to 

considered. 

( 1 ) 

flow per unit time, 

A is the area 

dT/dn is the 

the surface area 
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2.1.2 Radiation 

Radiation is the heat transfer process by 

electromagnetic waves. Radiation occurs even without any 

material medium. It was stipulated by Stefan and Boltzman 

that the 

radiation 

absolute 

total energy carried away by the emission 

is proportional to the fourth power of 

temperature. 

radiation is given by 

In thiS equation 

second per unit area, 

The equation of heat transfer 

qr is the energy em i S5 i on 

T,s the temperature of 

body in degrees Celcius, and 0 is 

known property of the particular emitting surface 

Stefan's constant. 

2.1.3 convection 

of 

the 

by 

(2) 

per 

the 

a 

as 

Convection is the heat transfer process in fluids. 

The heat transfer medium (fluid) moves from one place to 

another and carries the heat with it. The actual process 

of energy transfer from one fluid particle or molecule to 

another is st i I I that of conduct ion, but the energy is 

transported from one point in space to another bY the 

displacement of the fluid itself. 

There are two types of convection, known as natural 

and forced convection. In natural convection the fluid 

motion is a result of the heat transfer. That is because 

heating or cool ing of the fluid in contact with a heat 

transfer surface results into a change of fluid density. 

This change of fluid density produces a natural 

circulation in which the affected fluid moves off of its 

own accord past the heat transfer surface, the fluid that 

replaces it is simi larly affected by heat transfer and 
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the process is continued. In forced convection fluid 

flowS due to the influence of an external agency such as 

a fan, pump, or any means. The basic rate equation for 

convective energy exchange is given by 

qc = h-A-4T . (3) 

Here is the rate of heat transfer between the 

heat transfer surface and the fluid, A is the area 

of contact, 4T is the temperature difference 

between the heat transfer surface and the bulK of the 

fluid, and h is the convective heat transfer 

coefficient. 

As already pOinted out, the convective heat 

transfer process is associated with movement of fluid 

particles. There are two types of fluid flow. These are 

laminar and turbulent. In laminar flow the flUid 

In this particles move in an orderly layer-I iKe manner. 

case the heat transfer normal to the direction of fluid 

flow is only by conduction. In turbulent flow the 

movement of the fluid is characterised by an irregular 

and chaotic mixing of fluid elements in al I directions. 

Turbulent flow of the fluid in the direction normal to 

the heat transfer surface greatly enhances the rate of 

heat transfer when the surface and the fluid are at 

different temperatures. 

If we neglect heat transfer by radiation, we can 

combine Eq. (1) and ;:q. (3) at a sol id gaseous 

interface across which h~at is flowing to yield a 

a relation between the temperature gradient inside 

sol id, and the temperature difference between the 

surface of the sol id and the bulK of a fluid, 

Ts - Ta' We have 

qK = qc (4) 



It follows that, 

h 

K 
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2.1.4 Boundary Layer Theory 

(5) 

The layer of fluid adjacent to a sol id surface has 

no relative motion paral lei to the sol id surface due to 

the viscosity. As one moves away from the sol id surface 

however the velocity increases asymptotically to the 

free stream velocity value. A velocity boundary layer 

[42) is defined as the region where the parallel velocity 

to the surface is less than 99 percent of the free 

stream velocity value. Beyond the boundary layer 

viscocity effects are neglected. 

Heat 

therefore 

Disruption 

transfer across a velocity boundary 

mainly by the slower process of 

of the velocity boundary 

1 ayer is 

conduction. 

layer can 

tremendously enhance the rate of heat convection. 

The forced convection heat transfer coefficient for 

a circular plate of diameter D exposed to an 

impinging radially uniform wind of free stream velocity 

uf is given by [21) 

(6) 

Here is the thermal conductivity in the 

boundary layer, and 

viscocity of the fluid. 

v is the Kinematic 

It is assumed that the wind flows 
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over a width greater than D. 

2.2 Negative dc corona 

When a strong enough non-uniform electric field is 

created in air across an electrode geometry ionization 

taKes place in the vicinity of the highly stressed 

electrode. If the resulting discharge does not lead to a 

full breaKdown, and carries only a moderate current, the 

discharge is Known as corona. Ions which have the same 

polarity as the highly stressed electrode are injected 

into the gap. These ions get repel led away from the 

highly stressed electrode. The forces acting on the ions 

are the wei I Known Coulomb forces. In the ensuing motion 

towards the col lector electrode, the ions col I ide with 

neutrals. In this way the ions transfer their directed 

momentum and part of their Kinetic energy of motion to 

the neutrals. The thus created air flow is referred to 

as corona wind. 

Negative dc corona rather than positive dC corona is 

preferred to create corona wind because at atmospheric 

pressure and for the electrode geometries considered 

negative dc corona is more stable [43). BreaKdown 

voltages for negative dc corona voltages occur at much 

higher voltages. 

2.2.1 Mechanism and Char~cteristics 

Negative 

intensely studied 

dc corona phenomena 

experimentally. A very 

have been 

extensive 

treatment 

found in 

Nasser, 

of its mechanism and characteristics can be 

booKs such as by Loeb, [11) Cob i ne, [44] 

[45] Goldman, [46] and a host of others. A good 

summary of negative corona characteristics for a pOint

to-plate geometry can be found in a paper by Lama. [47) 

For short gap lengths there is sparKover directly 
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whenever any discharge activity occurs. For longer gap 

lengths the transition wi II be from a pulsating discharge 

referred to as Trichel pulses directly to sparKover. For 

even longer gap lengths the transition wi II be from 

Trichel pulses to a continuous glow to sparKover. Fig. 

shows the different discharge modes for a pOint-to-plate 

geometry at atmospheriC pressure. 

'" <'0 

" I 

10 

No 

Crap 

~ulses 
I I I I 

ioni sa.t-lon 

.2.0 30 40 

len:JtI1 ( Yllm) .. 

Fig. 1: Negative dc voltage pOint-to-plate breaKdown 

and corona characteristics. 

Depending on gap length and voltage across a pOint-

to-plate geometry, the negative corona discharge is 

normally pulsating or a continuous reddish glow. On 

wires the corona appears as reddish glowing spots. The 

number of spots increases with the current. Four 

distinct regions of the discharge can be visually 

identified at the cathode of a pOint-to-plate geometry, 

namely the CrooKes darK space, the negative glow, the 
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Faraday darK space, and the positive column. Towards 

breaKdown the positive column has a centrally placed 

spiKe extending towards the anode. The visual form of a 

negative corona discharge is shown in Fig. 2. 

Fig. 2: Visual form of negative corona discharge in 

a pOint-to-plate geometry. 

A model of the Trichel pulse formation was developed 

by Loeb [ 1 1) . In time sequence, the pulse is initiated 

by an electron ejected from the cathode surface by some 

mechanism such as field emission or positive ion 

bombardment, and multipl ies by Townsend ionization. The 

positive ions left in ~he waKe of the electron avalanche 

serve to increase the ionization field, leading to a 

rapid bui ld up of the cur~ent. The positive ions further 

provide an additional source of electrons through bombar

dment of the cathode surface. 

The electron avalanche is choKed off in a very short 

time by the negative space charge which forms by electron 

attachment just outSide the ionization region and which 

reduces the field in that region below the level required 

for ionisation. The discharge activity then stops 
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unt i I the negative space charge has drifted in the 

electric field over a sufficient distance, referred to as 

clearing distance. The time interval involved is 

correspondingly referred to as the clearing time, for the 

field to regain its critical value. 

A typical Trichel current pulse waveform has a very 

fast risetime in the order of nanoseconds often fol lowed 

by two exponential decays with different time constants 

[48,49) 

~ « ,. 
~ 

as is shown in Fig. 3. 

'0 :IP 30 40 50 60 .0 80 

Time (ns) 

Fig. 3: Typical Trichel pulse waveform. 

The fast risetime and high ampl itude of the Trichel 

pulse current waveform is due to the motion and avalanche 

growth of the electrons in the high field region around 

the cathode. The first decaying exponential part of the 

Trichel pulse current waveform is determined by the 

motion of electrons in a reduced electric field region 

before attachment and the second decaying exponential 

part is determined by the motion of the positive ions 

towards the anode. The last part of the pulse is due to 

the motion of the negative ions, after the positive ions 

reach the cathode, which takes place in the low electric 

field region near the anode. Current is then very smal I. 
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The above description of a Trichel pulse is however sti I I 

a matter of intense discussions. 

The ionisation regions contain very I ittle net space 

charge. The low field drift region is usually completely 

dominated by the negative space charges whose field will 

always reduce the Laplacian field in the ionisation 

region and enhance it near the plate as is Shown in 

Fig. 4. 

ch a "se 

I 
d.'storted f.·elcl. 

UJ -------
anode 
(x.d) 

Fig.4: Field distortion by space charge. 

C.Z.Z Fundamental Equations 

Wei I Known empirical relationships governing Trichel 

pulses are: 

(i) The time averaged corona current I c' and the 

Trichel pulse repetition frequency n, are linearly 

related for a given electrode gap configuration. The 

constant of proportional ity is the Charge per pulse Q. 

'c: Q·n . 
(7) 

(i i) The charge per pulse depends on the shape of 

the discharge pOint, but is independent of the corona 

current, the appl ied gap voltage and gap length. If the 
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discharge electrode is a hemispherical cap of radius r, 

Q is only a function of 

Q = f(r). 

( iii ) The Trichel pulse 

II is observed to follow 

II = 

r 

repetition 

the equation 

where c is a geometrical factor, r 

(8) 

frequency 

(9) 

is the 

radius of the cathode, and 

the cathode and anode. 

d is the spacing between 

The voltages 

are the voltage appl ied between the electrodes 

and 

and 

the voltage for onset of corona respectively. 

The ac corona onset field strength at the 

surface of the highly stressed electrode of a coaxial 

cy I i nder geometry was found emp i rica I I Y [50) 

EC = Eb-xl>- [1 + c/(I>r)y.) KV(peaK)/cm . 

Here Eb is the breaKdown field strength 

paral lei planes, x 

account the roughness 

constant which depends 

The relative air density 

I> = 
2.941O- 3 p 

273 + T 

is 

of 

on 

is 

The atmospheric pressure 

a factor which 

the surface and 

the electrode gap 

denoted by 

is denoted by 

to be 

( lOa) 

between two 

taKes into 

c is a 

geometry. 

p in 

Pascals, and the temperature in degrees Celsius is 

denoted by T. 
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More recent empirical 

experimentally deduced for 

formulas which have been 

the corona onset field 

strength between coax i a I cy I i nders are [51) 

[ 
0.67] 1 

Ec = 23.8 1 + r O. 4 KVcm- , ( 1 Ob) 

and [52) 

[ 
0.613 

Ec = 24.5 1 + ] Kvcm- l 
r O. 4 ( 1 Oc) 

Here r is the radius of the inner cy I i nder 

measured in meters. Equation (lOb) and Eq. (10c) are in 

close agreement. A theoretical derivation of PeeK's 

formu I a Eq. (lOa) has a I so been given [53) . 

The corona discharge current Ic was empirically 

determined [54, 55) to obey the relationship 

( 1 1 ) 

Here c is a constant wh i ch depends on the 

electrode gap geometry, Vg is the voltage appl i ed 

between the electrodes, Vc is the voltage for 

onset of corona, and K is the mob iii t Y of the 

unipolar corona space charge in the drift region. For 

coaxial cy I i nders the constant c was later 

theoretically derived to be 

Where is the permittivity of free space, d 

is the interelectrode spacing and r is the radius 
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of the inner cyl inder. 

More exact equations for cyl indrical coronas have 

been developed [56, 57). Theoretical derivations of the 

Townsend current equations have also been made [58,59). 

The flow of current in the drift region of the 

corona discharge is governed by POisson's equation, and 

the continuity equation. POisson's equation is 

p I 
V· ,E = ( 1 2) 

Eo 

Where 

E = ·-V V 

The electric field is E, the local voltage is V, 

and p is the ion charge density. 

The continuity equation i 5, for a stationary situation 

(ilp/ilt = 0) 

V·j=o, (13) 

Where 

j = pu i . 

u i = KE. 

The corona current density is 

Uj, and the ion mobil ity is 

j, the ion velocity 

K. 

It follows from the continuity equation that 

V· j = V. pu i = P V· U i + U i • V P = ° . 

is 



Therefore, 

Ui'VP = -P"V'Ui' 

Since, 

Dp 
= ui' V P 

Dt 

Dp 
= -pV'ui 

Dt 

-Kp' 
= 

Eo 

18 

where 

Eq, (14) 

D/Dt is the hydrodynamic differential 

is used to der i ve Eq, (16) , 

( 1 4) 

operator, 

For a pOint-to-plate geometry the current density 

distribution j at the plate obeys the empirical 

Warburg's law [60] 

For 

j¢ = jo·cos5¢ 

tan¢ = rid 

( 1 5a) 

( 1 5b) 

Where 

plate 

is the corona current density on the 

at any point degrees from the 

corona geometry axis and jo is the current density 

at the plate along the corona geometry axis, and d 

is the pOint-to-plate spacing, 

There is a fundamental saturation current density 
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Js along any field I ine of length 

gap of voltage 

Eq. (14). 

K'EO'V' g 

derived by 

Here K is the ion mobil ity. 

The total corona current 

From Eq.(15a), 

dj1J cos' j1J 
= 

dr d 

IC 

L crossing a 

S i gmond [61) from 

( 1 6) 

is given by 

( 1 7 a) 

( 1 7b) 

If we substitute Eq. (15a), Eq. (15b), and Eq. (17b) into 

Eq. (17a) we have, 

d 
dj1J 

cos' j1J 

I c = -2nd' J joCOS' j1J d (cosj1J) 

If we substitute d for 

( 1 7c) 

L in Eq.(16) we 
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obtain jo whiCh we now use in Eq. (17c) to 

obtain 

current 

the total pOint-to-plate saturation corona 

Is· 

Is = -2nd' 
/

60 0 

KE V ' 
od~ 9 cos' ¢d(cos¢) 

IS = ( 1 7d) 

Observed current densities or currents in excess of 

Eq. (17d) invariably imply either ions (electrons) of 

higher mob iii t Y than ant i c i pated or b i po I ar conduct i on 

phenomenon I iKe streamers. 

2.3 Nature of Corona Wind 

The equation for the electromagnetic forces ina 

gaseous dielectric is analyzed. A dominant term is 

deduced. The hydro~tatic equi I ibrium condition is 

studied during corona. The conditons for breaKdown of 

the hydrostatic equil ibrium are summarized. The Navier-

StoKes equations of motion are deduced for the corona 

wind. Bernou I I i energy equation along a streaml ine is 

deduced for the corona wind. Also an expression for the 

electroKinetic energy conversion efficiency 

discharge is deduced. 

2.3.1 Electric Forces 

in corona 

It is possible to write a single general expression 

for the forces of electric origin in a dielectric 

medium. The total force per unit volume is [62, 63] 



Here j 

material, 

2 I 

dE 
Pm- ] 

dPm 
( 18) 

is the free current density in a dielectric 

is the permeab iii ty of the medium, 

H is the magnetic field intensity. P is the 

free charge density. E is the electric field 

intensity. E is the electrostatic permittivity. 

and Pm is the mass density of the medium. 

The first and fourth terms are recognized as the usual 

free current. and free charge force densities. Their sum 

is the Lorentz force equation. The second and fifth terms 

are the Korteweg-Helmholtz polarization ~orce densities. 

The third and sixth are the electromagnetic strictive 

forces whose effect is to increase static pressure in 

compressible flows. 

The magnetic field intensity in our setups is 

negl igible. Therefore the first term is neglected. The 

variation of magnetic and electrical properties due to 

temperature 

dielectrics 

and composition variations of gaseous 

is negl igible. Therefore the second and 

fourth terms are neglected. The third and sixth terms are 

not to be considered since both the relative 

permittivity and the relative permeabi I ity 

~r of air have values close to unity. 

The only significant force density is due to the 

free-charge Coulomb forces. Eq. (18) simpl ifies to 

f = pE . 
( 1 9) 
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2.3.2 Hydrostatics 

The hydrostatic equation which is appl icable in a 

perfectly symmetrical corona discharge configuration for 

instance in a cyl indrical geometry where no 

electrical wind is generated is 

f = V p. (20) 

Where is the volume force transmitted by 

coli isions of ions with neutrals, and p is the 

generated static pressure gradient which balances the 

electric volume force density. 

If we resolve Eq. (20) in only one dimension it 

simpl ifies to 

fx = dp/dx 

From Eq. (19) 

fx = pE . 

Where 

= pUi 
K 

= j/K. 

p is the 

ion drift velocity, 

the ion current density. 

Combining Eq. (21) and 

dp/dx = j/K . 

charge density, ui 

K the ion mobil ity, and 

Eq. (22) 

(21 ) 

( 22) 

the 

j 

(23 ) 
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For a completely symmetrical configuration, and where 

the volume charge density distribution is also 

symmetrical the Coulomb force density serves only to 

increase the pressure. This is possible for example in 

a coaxial cyl inder corona geometry where a hollow 

presure profi Ie would be formed. 

The necessary condition for the fluid to stay at 

rest is that Vxi' equals zero in the whole region. In a 

pOint-to-plate corona dIscharge this condition is not 

fulfi I led due to lacK of symmetry of the discharge. We 

l' i nd that ·vxi' = V x (pE) = p V xE + (Vp)xE ~ O. The 

factor (Vp) xE is not zero espec i a I I Y at the boundar i es 

of the discharge. [64] 

2.3.3 Hydrodynamics 

A disturbance of the hydrostatic equil ibrium wi I I 

result in a Tlow condition, the corona wind. The 

disturbance may be due to a lacK of field symmetry, or 

due to the charge density distribution which would be 

more strongly felt at higher voltages. 

Let us consider the corona wind. For simpl icity it 

is represented by a two dimensional laminar flow as shown 

in Fig. 5. 

Fig. 5: 

1; 
rlI-

cathode (pOint) 

streaml ines 

anOde 

/. (plate) 

Two dimensional laminar flow of the 

corona wind 
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We shal I consider the flow to consist of a boundary layer 

in the mixing region, [65] where viscosity may not be 

neglected, 

viscosity. 

and a central core in which we may neglect 

The Navier-StoKes equations of motion appl ied in 

the central core simpl ify to 

Du 
PmD"t = f x · 

Dv 
Pm- = f y . 

Dt 
(24) 

Where D/Dt is the hydrodynamic differential 

operator, u is the air velocity parallel to the 

x-axis, v is the air velocity paral lei to the 

y-axis, fx is the Coulomb force density paral lei to 

the x-axis, and fy is the Coulomb force density 

parallel 

density. 

to the y-axis and 

The continuity 

Pm is the air mass 

equation reduces at low and 

stationary air velocities to the condition 

du dv 
+ - = 0 . 

dx dy 

If we neglect 

du 
Pmu.- = fx . 

dx 

Eq. (24) reduces to 

(25) 

(26) 
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Integrating along a streaml ine over a distance d 

u = 0 with the assumption that at 

and if we use as 

we have 

a dummy variable in the 

left hand side below, 

Pm· u~ 

2 
= fxd . ( 27) 

In other words the directed motion Kinetic energy gained 

along a streaml ine equals the worK done by the Coulomb 

force along that streaml ine. 

Combining Eq. (22) 

see that 

Pm' u' 

2 
= 

j.d 

K 

and 

At the plate we may say that 

~ 
K 

Where U avc is 

Eq. (27) we immediately 

the spatially averaged 

velocity of the corona wind in the central core of 

cross-section area A, and d is the 

distance between the cathode and the plate. It fol lows 

that, the average velocity in the central core is 
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(28) 

with 

In fact the wind blows over a larger area because 

of the viscosity forces which drag the surrounding 

air along with the central core considered above. This 

dragging force has a slowing effect to the velocity of 

air in the central core. The slowing effect however is 

small and difficult to ascertain, therefore it is 

neglected. 

In the mixing region outside the core, the effect 

of viscosity is dominant. The Coulomb force density 

is neg I i g i b Ie. Since the whole medium is at 

atmospheric pressure the Navier-Stokes equation of motion 

takes the form 

du 
= v. [d' u + ~u] 

d7 dY' 
u·-

dx 

Here v is the kinematic viscosity. 

If we assume that the frictional force dragging the 

surrounding air is a fraction of the electrical 

driving force for the ~entral part of the jet then the 

above expression may be rewritten as 
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Here b is a constant. The spatially averaged 

velocity of the corona wind in the outer region may 

simi larly be deduced to be 

where Uavo is the spatially averaged 

corona wind velocity in the outer region and 

is a constant. 

The corona wind velocity averaged over the entire 

area may therefore be denoted by 

a· acF 
(29a) 

uav = 

Here uav is the spat i all y averaged corona 

wind velocity and a 

To determine the space charge 

velocity we substitute 

is a constant. 

imited corona wind 

given by Eq.(17d) 

for IC 

charge 

in the above expression. The average 

velocity space 

uavs 

uavs = a· 

1 imi ted corona 

is therefore denoted by 

2KE oV g' 

d 

wind 

(29b) 

This equation indicates 

parameters Eo = 8.85x10- 12 F/m, 

that for practical 

Pm = 1.293 Kg/m 3 , 

A = 8x10-4 m' , and Vg = 20 KV velocities of the 

order 3.7 m/s shou 1 d be expected. 
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2.3.4 Bernoull Energy Equation 

Bernoull i 's energy equation along a streaml ine taKes 

the form 

Pm' u' 
p + - U = Constant, 

2 
( 30a) 

where U is a scalar function whose gradient 

represents 

streaml ine. 

a conservative force acting along 

In our case this force is given by 

the 

the 

Coulomb force density, since we neglect gravitational 

force, magnetic force, and electric polar forces. 

BernOUI I i equation now taKes the form 

p + 
Pm· u' 

2 - J~EdX = Constant. ( 30b) 

Since the ambient pressure impresses itself on the jet, 

p is constant along the streaml ine and is equal to 

the ambient pressure. 

2.3.5 ElectroKinetic Energy Conversion Efficiency 

The efficiency with which electrical energy is 

transformed into directed motion in the drift region of a 

corona discharge may be estimated as 101 lows: 

The total worK done on 

region is given by 

Wi = eJEdX z eEd. 

an ion in traversing the drift 
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A large part of Wi ends up as random Kinetic 

energy (heating) of the gas molecules; to calculate what 

fraction of Wi is converted into directed 

Kinetic energy we consider the momentum equation. 

The momentum gained by the air medium due to 

collisions with this ion is 

Here m 

u due to 

air mass. The 

= eJE~dX . 
dx 

= eI~dx. 
KE 

= 
ed 

K 

is the mass 

the force 

force F 

of air moving wi th velocity 

F which acts on the 

acts directly on the 

ion, but is completely transferred to the air mass, 

because the ion comes to a steady drift velocity in 

the bacKground gas. 

The Kinetic energy gained by the surrounding air in 

its directed motion is 



30 

A (~mul ) 
ed 

K 
u . 

The electroKinetic efficiency therefore is 

~ed·u/K 

e·E·d 

u 

ui 
(31 ) 

The electroKinetic efficiency is very low, since ui Z 

200 times u. Most of the energy in the drift region 

is expended as heat and some energy is expended in 

Inelastic collisions in the ionisation region. 

In I i qu i ds where ions experience much more 

friction 

equa I. 

that case. 

Ii qu i ds, 

ui and u are approximately 

Clearly fl0W is generated more efficiently in 

However' tecause of low ion mobil ities in 

the space charge I imi ted currents are very 

small 

small, 

which sti I I maKe thp. resulting fluid velocities 
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CHAPTER III EXPERIMENTAL MEASUREMENTS 

3.1 Voltage-Current Characteristics of dc Corona 

Voltage-current characteristics of a pOint-to-plate 

geometry and an electric wind system (EWS) are 

determined. Current measurements are made to determine 

the relative magnitudes of corona current to the wires 

IW 

EWS. 

and the corona current to the plate in an 

Some time resolved measurements of these currents 

are made. EquIpotential I ine distributions are plotted 

for a pOint-to-plate geometry and EWS by a digital 

computer technique based on the Finite Element Method. 

The electrical characteristics wil I be correlated to 

other diagnostic measurements I iKe velocity and heat 

transfer measurements. The EWS employs a multi-point 

comb as the cathode and two grounded wires as the anode. 

With such an electrode configuration a heat transfer 

surface may be positioned behind the wires at some 

distance from the cathode. 

3. I. I Principles of Measurements 

The time averaged voltage-current characteristics of 

the EWS are determined by use of a circuit shown in Fig. 

6. Voltage-current characteristics for a pOint-to-plate 

geometry are determined by simply removing the wires of 

the EWS in the experimental setup. 

A negative high dc voltage is appl ied to the comb 

(or to a single pOint) by a Wall is type power supply 

rated at 0-30 KV, 0-1 mA, via a 2 MQ current I imi t i ng 

resistor. A 4000 pF, 20 KV dc smoothing capacitor is 

connected in parallel with the dc power supply circuit. 
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Voltages are measured by a highly accurate Singer 

electrostatic voltmeter with four voltage ranges, 0-5, 

0-10, 0-25, and 0-50 KV. 

currents are measured 

The 

by 

time averaged corona 

sensitive Keithley 

electrometers AW and Ap ' type 610B and 610C with 

current ranges down to 10- 14 A The current meters 

are connected in the ground connection of the wires and 

the ground connection of the plate. 

-ve dc voltage 40 mm 

z 

com 

x 

y T'"e::::=======w i::::Jre 

Fig. 6: Experimental circuit to determine the time 

averaged currents (I c' I w' I pl vs gap 

vOltage (Vgl characteristics of the EWS. 

X = Cathode: one poipt or a multi-point 

comb. 

Y = Anode: two grounded wires. 

Z = Anode~ grounded flat plate. 

¢ = 5 
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The circuit of Fig. 7 is used to determine the 

corona current waveforms in an EWS by measurement of the 

voltage waveforms across the 10 KQ resistors. These 

voltages are fed into the input stages of a dual beam 

TeKtronix osci Iloscope type 556 having a frequency respo-

nse of 0-20 MHz. The input coaxial cable to the 

osci I loscope has a characteristic impedance of 50 Q, 

whiCh means that paral leI to the 10 KQ measuring resis-

tor a capac i tance of L x100 pF is present, where 

is the length of the coaxial cable. 

determine the corona current waveforms 

In order to 

in a pOint-to 

plate geometry the wires of the EWS are removed. 

-ve dc voltage 

~r----------' 

To dual beam 

OScilloscope 

Fig. 7: Experimental circuit to determine the corona 

current waveforms iw(t) and 
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3.1.2 Experimental Results and Discussions 

-< 'il- ~o-----------, 
~ 

...... 

i 120 

80 

40 

• d ... :Z3mm 

ad .. ~2.8mm 
+ ,l .. :3~mYl'l 
o ,l..,·38m", 

o 16 
----V,C-kV) 

Fig.8: Current (Iw) vs gap voltage (Vg) 

for EWS. 

Spacing between wires 

Distance between 

cathode and plate 

Sw = 10 mm. 

d p = 83 mm. 

dw = Distance between cathode and wires. 

The cathode has 15 pOints. 
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Fig. 9: Currents (Iw and Ipl vs gap voltage 

(Vgl for EWS and pOint-to-plate geometry. 

EWS: 

Distance between 

cathode and wires 

Distance between 

cathode and plate 

d w = 36 mm. 

d p = 49 mm. 

Sw = Spacing between wires. 

The cathode has one pOint. 

Fig. 8 and Fig. 9 show that the current to the 

wires can sti I I be approximated by the classical 

current equat i on of Townsend, Eq. (11 1 • 

corona 

From Fig. 9 we see that the current to the plate 
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is a very small proportion of the corona current 

IC Most of the corona current is cOllected by the 

wires. The smal I amount of the corona current which 

reaches the plate might be due to the corona wind drag 
force on the ions. A change in the electrode positions 

by variation of dw• or results in a 

change of the repetition frequency of the Trichel pulses 

II according to Eq. (9) and because also the 
geometrical factor c changes in Eq. (9) . 

in II results in a change of 

A change 

according 
to Eq. (7). 

Wi re ----1- \ 

(01.) 

point-to-plate geometry 
(0·1.') 

EWS 

Fig. 10: Equipotential plots at 5 percent steps. 
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From the plots of equipotential I ines in Fig. 10 we 

see that the wires strongly modify the configuration of 

the equipotential I ine distribution of a pOint-to-plate 

electrode gap. Most of the field lines from the 

ionisation region terminate at the wires in an EWS, we 

can therefore say that the effective gap length of the 

corona geometry is reduced; which leads to higher corona 

currents in the EWS, 

currents of Eq. (16). 

compare the space charge I imi ted 

'<' 
<' ...s 
~ .~o... 

. .) ~ ~III 

oj J-lO 
-41 

-'0 -5 

-80 -10 

Fig. 1 1 : Corona current waveforms ( i wand 

ipl of EWS. 

The cathode has one point only. 

The osci Ilograms of Fig. 1 1 ShOW the already 

discussed Trichel pulse current waveforms and 

The current is due to the capacitive 

coupl ing between the wires and the plate. 

Trichel pulse is only measured with a poor 

response because of the cable capacitance 

to the 10 KQ measuring resistors. 

The fast 

frequency 

parallel 
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3.2 Pitot-Tube Velocity Measurements 

The velocity distribution of the corona wind is 

determined by Pitot-tube measurements (66, 67] in an 

initial attempt to understand the hydrodynamic 

characteristics of the corona wind. 

3.2.1 Principles of Measurements 

Bernoull i 's equation along a streaml ine, Eq. (30b) 

reads 

p + !PEdX = Constant, 

in whiCh the dynamic pressure is 

Ap = 
2 

( 32) 

SInce the Pitot-tube is positioned behind a grounded 

grid, the charge density distribution 

is zero 

measured 

side of 

near the plane where the velocities 

p 

are 

and therefvre the last term on the left hand 

Eq. (30b) may be neglected. 

The dynamic pressure can be calculated from 

measurements with a Pitot-tube according to the equation 

Ap = Pmf·g·hp (33 ) 

Here Pmf is the density of the fluid in the 

is the manometer used with the Pitot-tube, g 

acceleration due to gravity, and is the difference 
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in the levels of the two fluid columns in the manometer. 

Water is used as the manometric fluid. 

Therefore 

(34 a) 

Combining Eq. (33) and Eq. (34a) we obtain 

(34 b) 

The spatially resolved velocity distribution may be 

obtained experimentally from spatial measurements of the 

pressure increase at the tip of the Pitot-tube. 

To enable mesurements of the corona wind velocity in 

a pOint-to-plane geometry a grid is used instead of a 

so lid P I ate for the anode. The grid has square wire 

meshes of 59.17 percent opt i ca I transparency. 

When the Pitot-tube is positioned behind the grid. 

the dynamic pressure measurements have to be corrected 

for the pressure loss across the grid by a factor X 

as given by Jonas [68] 

X = 0.15(1/0 0
4 -1)/U + 0.5(1/° 0

2 -1) ( 35] 

Here X(percent) is the resistance coefficient 

of the grid. 0o(per unit) 

optical transparency of the grid. and 

is the velocity measured behind the grid. 

The corrected dynamic pressure 

to be used in Eq.(34a) is therefore 

Ap 

is the 

u(m/s) 

which has 
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4p = 
[ 1 + ~] '4Pm' 

100 

where is the measured value of the 

dynamic pressure behind the grid. 

3.2.2 Experimental Results 

Fig. 12 shows the spatial distribution of the corona 

wind velocity for several cases. Fig. 13 ShowS a 

normal ized spatial distribution of the corona wind and a 

comparison is made with the Warburg's current density 

distribution law given by Eq.(15), fora point-to-

plate geometry. 

, I 

5 l2oint-to-l2lg te geometry 

./0 "'-
d p = 35.7 mm 

i ~ 
--<J-<)-O- Vg 
---,\(;-~-x- Vg 

'/ \1 
-'O-'>7-V- Vg 
EWS: dw 

d p 

= -15 KV. 

= -16 KV. 

= -20 KV. 

= 20.5 mm, 

= 35.7 mm, 

j f( V \ 
Sw 

_ C]-CI-D-- Vg 
= 40.0 mm. 

= -20 KV. 

t II II r \ \ 
; / V ~ 'v\ V 

f) v:; '/ ,~>\ 
0 V ~ ~ 1. 

l~ 
(/ "\ ~ 

Jl ~\ 1\ 

20 o lO 

Fig 12: Corona wind velocity [u(r)] vs radial distance 

(r) at the anode. Note that the highest wind 

velocities are obtained with the EWS. 
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pOint-to-plate geometry 

1.0 rr " 
.xX IIg = -20 K \I , 

l Ic = -30 jJA 

/" 
, 
,\ 

00 Warburg's cu Vi 1\ \ ) 

d p = 35.7 mm 

08 rrent law 

L V " l\ 1/ I~ 
0.6 

4 o 

A \\ 
o J 

VI \' 1\ 2 

V \ 
V o 

-60 

~ 
-40 -20 o 20 40 60 

ang I e 91 (degreeS) 

Fig. 13: Normal ized corona wind velocity [u(r)/u(O)] 

vs angular displacement (91) at the anode. 

A comparison is made with the Warburg'S 

current density distribution law. 

The air mass flow rate M due to the corona wind 

can be estimated from the equation 

M = 21Tpmf~u(r)dr (36) 

The number of air molecules Na crossing 

a plane normal to the flow per sec may be deduced from 

Na 
M 

= (37) ma 
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Where the average molecule in air has a mass 

calculated from the equation 

ma = (0.8'28+0.232)1.6725210-27 Kg 

Here it is assumed that air consists of 80 percent 

Nitrogen with atomic weight 28, 

with atomic weight 32. 

and 20 percent Oxygen 

The number of negative ions crossing a plane normal 

to the air flow per second may be found from 

Ni 

Here 

An 

=~ 
e 

e 

approximate 

is the electronic charge. 

value of the Kinetic energy 

possessed by the corona wind can be calculated 

from the equation 

Here the velocity dis~ribution 

the position of the plate. 

(38) 

u(r) is determined at 

From Eq.(38) an ~lectroKinetic energy conversion 

efficiency ~, can be deduced as fol lows: 

100" (39) 

where 
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is the e I ectr i ca I energy d i 55 i pated in the corona 

discharge per second 

A comparison of some hydrodynamic parameters and 

electroKinetic energy conversion efficiency is made 

between a pOint-to-plate geometry and EWS when the 

appl ied gap voltage equals -20 KV in 

Table 1. The data is obtained from Fig. 12. 

TABLE I: EXPERIMENTAL RESULTS 

Electrical Hydrodynamic Electro Kinetic 

Parameters Parameters Conversion 

Efficiency 

t 

{Xl 

POint-to-plate M = 0.0057 Kg/s 

Geometry Vg = -20 KV Na = 1.19><1023 /5 

d p = 35.7 mm Ni = 1.875><10 14 /5 Wa= 0.0076 J/5 

Ic = -30.0 IJA We = 0.6 W umax = 3.9 m/s 1 .27 

EWS 

dw = 20.5 mm 

d p = 35.7 mm 

Sw = 40.0 mm M = 0.0108 Kg/s 

Iw = -38.0 IJA Vg = -20 KV Na = 2.25><10 23 /5 

Ip = -13.5 IJA Ni = 3.2><10 14 /5 Wa= 0.0351 J/5 

Ic = -51 .5 IJA We = 1 .03 W umax = 4.7 m/s 3.41 
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3.2.3 Discussion of Experimental Results 

For the same appl ied gap voltage the EWS 

generates corona wind with a higher velocity 

distribution than a pOint-to-plate geometry as is 

shown in one of the graphs of Fig. 12. Since the average 

velocity of the corona wind is proportional to f( I c) 

as stated in Eq. (29a), the increase in the magnitude 

of velocity distribution generated in an EWS can be 

directly 

Ic 

correlated to an increase 

as has been explained in section 3.1.2. 

in 

From the graphs of Fig. 1 3 it is concluded that 

there is no similitude between the velocity distribution 

function and the Warburg's current density distribution 

law. Apparently the correlation between current and 

wind velocity is more compl icated. 

From Table I we see that for the same appl ied gap 

voltage an EWS generates a higher air mass flow rate 

which has a greater Kinetic energy than a pOint-to-plate 

geometry. 

energy in 

The higher air mass flow rate and Kinetic 

the EWS correspond to the higher corona 

wind velocity which it generates. The electroKinetic 

conversion efficiency of such an EWS is also raised from 

about percent to the order of 3 percent. The 

modification of the ,electric field configuration in 

the EINS geometry as shown in Fig. 10 may result in 

complex qual itative a~d quantitative changes of the 

discharge characteristics. 

Our calculations sn0W that for every ion there are 

about 6.4xl08 neutrals which reach the anode. The corona 

wind is therefore mainly made up of neutrals. 
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3.3 Constant-Temperature Hot-Wire Anemometer Velocity 

Measurements 

The corona wind velocity distribution is measured 

by means of a constant-temperature hot-wire anemometer 

DISA type 55dO 1 . The small SiZe Of the anemometer 

measuring probe should give a better spatial resolution 

Pitot-tube of the velocity distribution than the 

velocity measurements. The anemometer also can measure 

turbulence intensities with a frequency of up to 100 KHz. 

3.3.1 Principles of Measurements 

Anemometric velocity measurements [69-72] are 

based on a measurement of the convective heat loss from 

an electrically heated metall ic wire, which acts as 

a sensor. The anemometer measuring probe is shown in 

Fig. 14. 

w lre ~YZZII IZI/ IN (~, 
~ " electric contacts 

prongs~ metal sheet , 

Fig. 14: 

Hot-wire 

ceramic body 

Constant-temperature hot-wire anemometer 

probe. 

anemometry rei ies on the fact that the 

electrical resistance of a metal conductor is a function 

hot-wire of its temperature. The essential part of the 

anemometer is therefore a very thin metal wire heated 
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by an electrical current and inserted into the flow under 

investigation. The transfer of heat from the wire to 

the flow increases with increasing flow velocity in the 

ne i ghbourhood of the element. Th is coo ling effect Of the 

flow is compensated by using a variable-current feedbacK 

loop which Keeps the temperature and the resistance of 

the sensitive element constant. The compensating current 

or voltage is then used as a measure of the flow in the 

immediate neighbourhood of the sensor. 

The operating characteristics of the hot wire are 

fixed by selecting an overheating ratio 

resistance of the hot wire sensor is given by 

Rh = (1 + >')R o . 

= (1 + ~.<1 T) R 0 . 

>.. The 

(40) 

Here is the resistance of the sensor at 

ambient temperature. The temperature coefficient of 

resistivity of the sensor wire is ~,and <1T 

is the temperature differe~ce between the hot wire sensor 

temperature and the ambient temperature. The 

sensitivity of the hot wire sensor increases with 

increasing overheating ratio. At higher wire temperatures 

however the sensor's I ifetime is shortened because of its 

higher evaporation and oxidatioil rate. For this reason 

the overheating ratio in commercially avai lable hot-wire 

probes is not chosen above 0.8. 

The hot wire sensor is mainly sensitive to 

velocities in a plane perpendicular to the direction of 

the sensor as shown in Fig. 15. This maKes hot wire 

anemometry readings difficult to interpret. 
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Fig.15: Velocity component u' of the velocity u 

to which the sensor is most sensitive. The 

sensor is placed in the y direction. 

The output signal of the anemometer unit connected 

to a hot-wire probe is a voltage which is a non-I inear 

function of the wind velocity. The output signal fol lows 

from the fol lowing formula, 

Va = Vo + Beu K . (41 ) 

The output voltage of the anemometer is denoted by 

Va' and Vo is the output voltage with zero wind 

velocity. The wind velocity is denoted by u, wh i Ie 

K and B are constants. The value of 

K is approximately 0.5. It fol lows that 

( V a - V 0) , = B' e u 
( 42) 

It may be necessary to electrically shield the 

anemometer probe from the EWS electric field in order to 

avoid errors in measurements. An error could be caused by 

corona current of the EWS which is drawn by the probe. 

This probe 

disturb the 

current may generate additional 

velocity boundary layer around 

wind or 

the probe. 

This problem is in fact a part of our subject matter. 

The probe may have to be placed below or near a grounded 

shield during velocity measurements. However 
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my measurements indicated that if the distance between 

the grounded wires of the EWS and the probe is equal or 

greater to the spacing between the wires of the EWS, 

then no extra shielding of the probe apart from that 

afforded by the grounded EWS wires is neccessary. 

Fig. 16 shows a blocK diagram of the experimental 

setup for the determination of wind velocities and the 

recording of anemometer output signals. The probe in the 

electric wind system can be moved in the x, y , and z-

directions by means of a displacement mechanism. The 

output signal of the anemometer unit can be fed to an x-t 

recorder, or to a dc-voltmeter. The dc-voltmeter 

measures the average output signal of the unit because of 

the use of an additional low pass fi Iter. 

recorder is inherently slow. 

x-t 

The x-t 

recorder 

electric 

wind system 
anemometer 

--+-
unit 

supply 
with (EWS) 

probe 
de 

l....r- ~ ~ voltmeter 

L.P.F. 

Fig. 16: BlocK diagram of the experimental setup. 

Fig. 17 shows the configuration used for the 

determination of the time averaged wind velocity on axis 

as a function of the voltage appl ied to the cathode of 

the EWS. For these measurements the probe is situated 
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right below the corona discharge point with a fixed value 

of 30 mm. The configuration of Fig. 17 is also 

used for measuring time averaged wind velocity profi les. 

The probe is then situated at a fixed value of 

and can be moved in the y or z directions. 

~t- pOint 

v-._._._·- -1---' _.-
o 30 L-~~l- _L_. _._ ._.~j._ '-l._dW 

= 30 mm 

-- , I II !j xp x 

grounded~' .-. _. -' - '-'--

wIres 

Fig. 17: 

--- probe 

Configuration for measurement of average 

corona wind velocity by a constant-

temperature hot-wire anemometer. 

3.3.2 Experimental Results 

Experimental results are expressed in terms of 
, 

(Va-Vol This quantity is used because it is a direct 

measure for the wind velocity u according to 

Eq. (42l. 

Fig. 18 shows a plot of versus the 

appl ied voltage at the point. The probe was 

fixed in position on the axis of the EWS. For this probe 

position, as already explained, it was not neccessary to 

provide an extra electrical shielding of the probe. 

y 

z 
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./ 

/' 
V 

/ 
/' V 

/ 
/ 

v 
/ 

/ / 
I.e V 
V '\l overheating ratio 

0 overheating ratio 

In Fig. 19 the quantity 

against the displacement in the 

/ 

,.",... if" 

= 

= 

0.7 

0.6 

is plotted 

direction at a 

zero value of y and four different values of the 

distance xp' 

In • Fig. 20 the quantity (Va-Vol 

the probe displaced in the y 

is plotted with 

direction at a 

zero value of z and the same four different 

values of the distance xp' 

In both these cases, the appl ied voltage at the 

cathode is -16 KV, the overheating ratio chosen for the 
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and there was no need to e I ectri cal I y 

The probe sensor is directed paral lei 

o.G 

::J 

~ 
OJ OJ 0.'+ 

> 
0 

> , 

'" > 

0:1. xp = 60 mm 

i 
0 0 to w 

• (mm) z 

::J 

~ OJ 
01+ 

OJ > 

0 120 mm xp = > , 

'" > 0.1. 

r 
0 10 '2.0 

• z (mm) 

Fig. 19: Graph of (Va-V o )' versus the 

displacement z for an ElliS 

30 

3 
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Fig. 20: Graphs of (Va-Vo)1 versus the 

displacement y. 
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3.3.3 Discussion of Experimental Results 

From Fig. 18 we deduce that the time averaged on 

axis velocity of the corona wind is directly proportional 

to the appl ied gap voltages for appl ied gap voltages 

much higher than the corona Inception voltage. ThiS 

indicates that the average velocity of the corona wind 

is also directly proportional to the appl ied gap voltage 

which is in agreement with Eq. (29b). 

From Fig. 19 and Fig. 20 it is deduced that the jet 

has a smal I spread. Beyond the wires the velocity 

generally decreases with increasing values of xp' This 

is also characteristic for a free turbulent jet with no 

further input of energy and momentum. The velocity 

for different prof I I es in the z-direction are simi tar 

whi Ie the velocity profi les in the y-directions 

are not because the wires disturb the flow and create 

waKes. 

wider 

The velocity profi les in the y-direction are 

than those in the z-direction due to the 

configuration of the electric field and obstruction 

caused by the wires to the flow. 

These measurements with different positions of the 

probe indicate that the jet is confined to a region with 

a cross section of about 2x4 cm' in this particular 

setup. The spread of the jet in the y direction is 

greater. The maximum range of the corona wind was 

determined to be about 250 mm below the corona discharge 

point. 
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3.4 Flow Visual ization by Schl ieren Measurements 

Schl ieren measurements were performed to visual ize 

the flow field of the corona wind. Very short time 

exposure pictures of the corona wind were taken. The fast 

photography schl ieren technique should give more 

information on the structure of the corona wind. For 

compar i son sch I i eren pictures of a mechan i ca I I Y generated 

jet were also taken. 

3.4.1 Principles of Measurements 

A conventional Toepler schl ieren system 

with high speed photography was employed. 

[73, 74] 

A Nema 

Electronics nanol ite provided the point I ight source 

supplying a divergent beam of I ight which is col I imated 

by a 10 cm diameter I ens of foca I length 100 cm. The 

para I I e I beam of light was directed through the test gap 

to a schl ieren head lens of 10 cm diameter and 100 cm 

foca I length. The long foe a I I engt hs of the sch I I eren 

lenses are necessary to permit longer lengths of the 

corona wind under investigation. A "knife edge" was 

pos i t i oned in the foca I plane of the sch I i eren head I ens 

to obstruct a part of the I ight source image. A narrow 

black I ine on a trans~~rent photographic plate was used 

as the knife edge. A mirror was used to reduce the length 

of the setup due to I i In i tat ions of space. The Toep I er 

schl ieren system is shown in Fig. 21. 
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test ~HI' 
. " g~ 

nanolite 
Irry v 

.......... 
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lens len5 
+ve HV source - HVdc for nanolite knife edge 

camera lens r~ 
video 

camera 

Fig. 21 : 

TV ~ 
monitor I--

v 
r 

ideo 
ecorder 

The Toepler schl ieren system for the 

visual ization of the corona wind. 

The nano lite prov i ded a very short durat i on light pu I se 

of 700 ns , with a risetime of 50 ns. The nanol ite has 

its maximum I ight output in the wavelengths between 400 

nm and 650 nm. 

To taKe short time exposure photographs, a NiKon 

camera and objective lens of focal length 8.5 cm was 

used. A very short duration exposure picture was made by 

leaving the shutter of the camera open and al lowing the 

nano lite to flashover once. The sch I i eren image is formed 

on a very sensitive photograhic fi 1m, type AGFA Scopic 

RP I, which is very sensitive to the green and blue light 

emitted by the nanol ite. 

A Phi lip s v ide 0 came r a co u pie d wit h a NiKon 

objective I ens of foca I length 10.5 cm was used in 

maKing photographs of the corona wind on videotape. A 50 

Hz high voltage source was used to flashover the 

nanolite. 

The schl ieren pictures were recorded on a 19 mm U-

Matic KCA-30 video cassette. A Sony 750 m video recorder 
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was used. The sch I i eren pictures can be observed on a 

Phi I ips TV monitor. Pictures can be made of the playbacK 

of the video recordings by a NiKon camera with a shutter 

speed of 1/15 s carrying a 50 ASA fi 1m. 

A mechanically generated air jet was made by a heat 

gun rated at 220 V ac 50 Hz, 2 A. A 45 degrees 

nozzle is fitted to the heat gun, see Fig. 22. A 3.2 mm 

hole is dri I led at the tip of this cone A needle of 

less than 3 mm diameter, connected to a HV supply can 

be supported along the axis within the cone. This 

structure al lowed the superposition of some corona wind 

on mechanical wind. 

Experiments are carried out on a pOint-to-plate 

geometry and on an EWS. In both instances the cathode 

had only one pOint. The point was screwed to the top of a 

soldering iron which was subsequently heated by a 36 V dc 

supply to produce the neccessary temperature and the 

corresponding 

Without this 

density variations in the corona 

additional heating system the corona 

wind. 

wind 

velocity was found to be too low to generate discernible 

optical disturbances. 

needle 

Fig. 22: Nozzle for mechanical iy generated jet. 

I f the Knife edge in front of the camera lens cuts 

off a part of the I ight source image, the I ight intensity 
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on the photographic plate wi II be reduced. Let 

hi be the reduced width of the I ight source image and 

Ahl be a small increase of the width due to an optical 

disturbance in the test field caused by a density 

variation there. If the I ight source image is assumed to 

be constant it can be shown that the photographic plate 

wil I show a relative I ight intensity change 

Au Ah I (43 ) 

In the above equation u is the uniform light 

intensity at the photograph.ic plate without any optical 

disturbance in the flow field, and Au is the light 

intensity change caused by air density variations in the 

flow field. I t may be shown that , if the light beam is 

in the direction 

Au = ! fdn dy , 
u hi dz 

y 

(44 ) 

where is the foca I I ength of the sch I i eren 

head I ens, and n is the refractive index of the 

test medium. The flow field boundaries define the 

I imits of the integral along the I ight ray in the above 

equation. 

A schl ieren system can be used for qual itative, 

[75-80] as well as quantitative [81-89] measurements 

of gas flow. However the former only are performed in 

this worK due to the unrel iabi I ity and difficulty of 

maKing quantitative studies. Problems are the 

aberrations in the imaging Of the I ight source and the 
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optical disturbance, not to mention the integrating 

nature of the quantitative parameter inherent with this 

measurement system. 

3.4.2 Experimental Results 

Fig. 23 and fig. 24 show pictures of a corona 

wind taKen by the fast photography technique. 

Fig. 23: The corona wind 

15 mm, 

Vg = -17 KV, 

in an EWS. 

d p = 73 mm, 

sw = 20 mm. 

Fast photography technique. 

plate 

Instant 1 • 

The two wires are perpendicular to the 

plane of the picture. Together with their 

supports they give a blacK out line. 
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---pi ate 

24: The corona wind in an EWS, 

now at a different instant. 

as Fig. 23, 

25 and Fig.26 show pictures of the corona wind 

in a pOint-to-plate geometry and in an EWS.The narrow jet 

originates from the high-voltage electrode where it is 

firmly anchored and proceeds to the grounded plate where 

it was observed to wiggle or move about radially. 
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plate 

Fig.25: Corona wind in a pOint-to-plate electrode 

geometry. d p = 73 mm, Vg = -30 KV. 

Pictures taKen from TV monitor screen. 
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plate 

Fig. 26: Corona wind in an EWS; 

Fig. 

dw = 15 mm, d p = 73 mm, Sw =15 mm, 

Vg = -20 KV 

Pictures taKen from TV monitor screen. 

27 shows a picture of the mechanical wind. 

Fig. 28 shows a picture of the effect of corona discharge 

in a mechanical wind. 
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I(----Pl ate 

Fig. 27: Mechanical wind. 

Picture taKen from TV monitor screen. 

Setup as in Fig. 26. 
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-('--Pi ate 

Fig. 28: Corona wind superimposed on 

mechanical wind. Setup as in Fig. 26. 

Same mechanical wind overpressure. 

Picture taKen from TV monitor screen. 

3.4.3 Discussion of Experimental Results 

Sch I i eren pictures in Fig.23 to Fig. 26 

indicate that the corona wind jet is basically laminar. 

However the corona wind jet wiggles about laterally 

presumably due to boundary condition variations at the 

electrode surfaces. 

Fig. 27 shows that a mechanically created jet from 

an orifice is turbulent. 

Fig. 28 shows that corona discharge superimposed on 

a mechan i ca I wind maKes the mechan i ca I wind less 

turbulent. 
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In schl ieren measurements flow visual ization is 

only possible in regions which have large enough 

density variations. In our case the neccessary density 

variations were created by heating the cathode. This 

means we could see clearly only the air which became 

heated by coming into contact with the cathode. The 

schl ieren pictures therefore indicate that the 

corona wind is a narroW 

case when we compare with 

jet 

the 

wh i ch is 

Pitot-tube 

not 

and 

the 

the 

anemometer 

desirable 

which could 

measurements. It became therefore 

technique 

Even 

only the 

conclude 

to use another visual ization technique 

show the entire flow pattern. This 

is out I i ned 

though the 

central 

from the 

in the next 

sch I i eren 

part of 

section. 

measurements 

the flow, we 

show 

may 

stable behaviour of 

that central part 

fairly 

that corona wind indeed 

produces a fairly stable flow pattern. 
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3.5 Flow Visual ization by Injection of Carbon Dioxide 

Generated Mist Into the Corona Wind 

According to a study on the flow characteristics of 

the corona wind by P.T.M. Vaessen [90], which forms 

a part of this research, the injection of a number of 

carbon dioxide generated mist trai Is into the corona 

wind visual izes the flow more faithfully. It is shown 

in this study that although the carbon dioxide 

generated mist particles acquire charge from the corona 

discharge their motion is not much affected by the 

electric field of the discharge gap, and can 

therefore be used to follow the flow of the air. The 

flow pattern of the mist trai Is is shown in Fig. 30. 

From a study of the videotapes of the corona wind 

flow patterns which were made in this study, some 

pictures of the corona wind were made and are reproduced 

here. Part of this joint research worK has been publ ished 

elsewhere and appears as an appendix. 

3.5.1 Experimental Results 

Four possible viewing directions are possible as 

shown in Fig. 29. 

view i ng direction 

wires ---__ 

I 0 0 0 

d b 

=~=--~- -- --- - .--

Q 

o 

o 

c 

Fig. 29: Four possible viewing directions. The mist 

is flowing as separate trails from the 

holes in the mist generator (three 

shown in this figure). 

holes 
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Fig. 30 to Fig. 35, pictures taKen from 

viewing direction d of Fig. 29, show the 

effect of starting the corona discharge The two wires 

are grounded and d w = Sw = 30 mm. A voltage 

of -20 KV is appl ied to the pOint. 

Fig. 30: No voltage appl ied to the pOint. 
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Fig. 31: 0.42 s after switching on -20 KV . 

Fig. 32: 0.83 s After switching on -20 KV . 
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Fig. 33: 1.67 s after switching on -20 KV . 

Fig.34: 2.50 s after switching on -20 KV . 
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Fig. 35: 3.33 s after switching on -20 KV . 

Fig. 36 and Fig. 37 are taKen from the viewing 

direction c in Fig. 29. Fig.36 shows a smooth 

laminar multibeam flow. The corona point is indicated 

with a small blacK I ine at the top of fig. 37. The 

white circles are holes in the perspex device supporting 

the EWS. The conf i gurat i on of the EWS is st i I I the same. 
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Fig. 36: No voltage appl ied to the pOint. 

Fig. 37: Steady state after switching on -20 KV. 
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Fig. 38 and Fig. 39 are taken to demonstrate 

the effect of corona wind on mechanical wind. In this 

case only one mist trai I was carried in by the air 

flow coming in through the orifice. 

I 

Fig. 38: Mechan i ca I I Y generated jet 

Fig. 39: Corona wind sumperimposed on mechanically 

generated jet . Steady state. 



(e. 

3.5.2 Discussion of Experimental Results. 

In about 3 s the flow has reached a steady state 

as is shown in Fig. 30 to Fig. 35. In these figures we 

see that the air flow is initially drawn and directed 

towards the point and then pushed down with great 

velocity between the wires. 

The diameter of the beam below the wires 

is 1:1 3t mm. This is in agreement with Pitot-tube 

velocity measurements and hot-wire constant-temperature 

anemometric measurements. 

At the centre just below the point the air velocity 

has its maximum value. This can be seen in the figures 

because the mist is thicKer at the outside of the flow 

than at the centre of the flow. We have already noted 

with Pitot-tube velocity measurements, that the velocity 

of the corona wind is bel I shaped with an accentuated 

peaK along the axis of the EWS or pOint-to-plate 

geometry. At higher air velocities the mist becomes less 

dense because of the quicKer flow off of the water vapour 

droplets whi Ie the supply rate is sti I I the same. 

From Fig. 35 we deduce an envelope for the corona 

wind air flow as shown in Fig. 40. 

1--''-:'''_ fOi n~ 

Fig. 40: Corona wind flow 

, ... "nclecl 
1II,'ft 

field from 

direction d Of Fig. 29. 

viewing 
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From Fig. 36 and Fig.37 we deduce an envelope for the 

corona wind air flow as shown in Fig. 41. 

jet 

formation 

zone 

t_ 

point ~II 

grounded 

wires 

_._0 

flow Ines 

) ) \ \ 

Fig. 41: Corona wind flow field from viewing 

direction c of Fig. 29. 

Careful study of the video tape reveals that it 

taKes generally less than 0.8 s for the flow to respond 

to the appl i ed vol tage. At voltages below the corona 

starting 

observed. 

voltage no effect on the mist flow is 

This proves that the electromagnetic polar 

forces indicated in Eq. (18) are negl igible or we can 

equally conclude that the corona wind is due to the 

momentum transfer between ions and neutrals caused by 

Coulomb forces on Ions. 

From Fig. 38 and Fig. 39, we see that corona wind 

maKes a mechanically created jet more laminar and reduces 

its spread. This is in agreement with sch I i eren 

measurements which are shown in Fig. 27 and Fig. 28 .. 

Fig. 42 shows a sKetch of a mechanically generated 

jet. Theoretically a mechanically genertated jet 

becomes turbulent when the Reynolds number is greater 

than 2100. In practice laminar free jets originating 

from an orifice cannot be produced [9 I ) . This is 
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because the edge of the orifice introduces initial 

disturbances that grow and eventually maKe the jet a 

turbulent one. In Fig. 42 the growth of the disturbances 

introduced at the edge of the orifice is shown. 

II 
of the 

growing 

disturbance 

Fig. 42: Growth of the disturbances in a free jet. 

The opening angle of the mechanically generated jets 

is about 24 0 [92]. The forces exerted by the 

wal I which contain the air flow dissappear abruptly when 

the jet leaves the orifice. The disturbances that are 

introduced at that transition degenerate the jet. 

On the other hand the corona wind is smoothly formed 

to a stable velocity profi Ie within lhe discharge gap. 

When the jet leaves the energy input zone the change to a 

free jet is not abrupt as in the case of a mechanically 

generated jet but is very gradual. For this reason it has 
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a much better chance to create a laminar free jet. 

Indications for the existence of a laminar free jet are 

in the figures and the smal I cross section of the 

distribution. velocity 

When the jet has travel led past the grounded wires 

the velocity profi Ie decays 

starts to develop here also. 

turbulence taKes time, the 

remains fairly smal I. 

slowly because turbulence 

Since the growth of this 

spread in the f I ow 
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3.6 Heat Transfer Measurements With and Without Corona 

Wind 

The effect of corona wind blowing on a heat transfer 

surface is determined. 

heat transfer surface 

element is switched on, 

The temperature-time curve of the 

is measured when the heating 

first without corona wind. For 

comparison this temperature-time curve of the heat 

transfer surface is again measured when a corona wind is 

directed at the heat transfer surface. 

3.6.1 Principles of Measurements 

The EWS was used to generate corona wind. The 

heat transfer surface was a rectangular copper plate 

with dimensions 220 mm x 170 mm x 1.5 mm. The plate was 

mounted on a box made of pertinax. Heating of the 

plate was achieved by two heating elements conneceted in 

series. Each element is 61 Ohms. The heating elements are 

placed inside the box which is fi I led with styrofoam to 

minimize the conduction of heat to the opposite side of 

the heat transfer surface. 

Power supply to 

is obtained from 

the 

a 

heating elements 

220 V/0-250 V, 0-4 A 

variable transformer, ~~i I ips type. is 

measured by a Wattavi type wattmeter set in the range of 

A, 100 V, and 0 - 100 W. The current 

through the heating elements Ih is 

measured by a Gossen UVA-5 type multimeter in the 

range of 0 - 1 . 5 A. We can say that 

is the resistance of the heating where 

elements. The experimental setup is shown in Fig. 43. 
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The temperature of the heated transfer surface is 

measured continuously. In this case use of thermocouple 

probes in conjuction with digital thermometers and an X-

T plotter is adopted. 

are model 8713 type K 

of 0.041 mV/oC [93]. 

The thermocouples which are used 

(Chromel-Alumel) with sensivity 

The probe tips are set to touch 

the heat transfer surface. The output of the 

871 thermocouple probe is fed to the Keithley model 

digital thermometer. This digital thermometer 

I Sc I ) 

.!.~ __ -'~!ri ---aa~ comb: each has 15 

'fd
w

- • 

·-0 • • 
___ 

wire 

• 

teeth 

heat transfer 

surface (pi ate) 

styrofoam 
thermocouple 

X-T 

heating element 
thermometer 

recorder 

Fig. 43: Experimental setup for heat transfer 

measurements with and without corona 

wind. 

is specially made to worK with high resolution when 

Chromel-Alumel 

electronic 

thermocouple probes are used. Its 

unit has an input channel with two 

temperature ranges of and 1370o C. and 

analog output jacKs from which continuous signal 

monitoring of temperature can be achieved by using a 

recorder. 
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The analog output jacK of the thermometer is fed to 

the V-input of the Siemens X-T recorder with a voltage 

range of 0.1 mV/cm - 3 V/cm and a time range of 

o - 10 em/sec. 

the rate of 

The X-input is set to record time at 

0.01 em/sec. The V-input is set 

in the range of 0.3 mV/cm. The obtained voltage 

against time curves are converted into temperature rise 

against time using standard conversion tables. [93, 94) 

3.6.2 Experimental Results 

Fig. 44 and Fig. 45 show the effect of a 

corona wind on the temperature of a heat transfer 

surface. 

~'IIO 
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Fig. 44: Heating curves without corona wind. 

Ih = Current through the heating elements. 

The 

on at 

heating 

t = o. 

elements are switched 
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Fig.45: Heating curves with corona wind 

Figure 

which 

of the 

46 to Fig. 53 are some of the measurements 

show the effect of varying the arrangements 

EWS components on the heating curves of the 

heat transfer surface. 
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The temperature rise of the heat transfer surface 

can be expressed by a general 

equation 

dAT AT 
J = a"- +--

dt b 

type of a differential 

(45) 

Where 

be 

J, a, and b are constants wh i ch will 

defined later and AT is 

the temperature rise of the plate at time t. 
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A solution of Eq. (45) is 

AT = J·b· (I - e- t / ab ) 

After substitution of 

T = a'b 

It follows that 

Where 

Let 

T 

Pin 

is the time constant. 

be the constant power 

(46) 

input to 

the heating elements which is wholly transferred to the 

heat transfer surface in Watts, and let Rth 

be the thermal resistance of the 501 id gaseous interface, 

which is determined by the convective heat transfer 

coefficient 

~th = l/A'h . 

Let also m 

surf ace, and 

h, according to 

(47) 

be the mass of the heat transfer 

ch be the specific heat 

capacity of the heat transfer surface. 

If we assume that only a negl igible amount of heat 

is stored in the material of the heating element and 
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that al I heat is lost by convection through the plate, 

Therefore, 

with 

At steady state 

Pin = 
<1T 

Rth 

If we substitute 

we obtain 

<1T 

Rth 

Eq. (48) 

Eq. (47) 

reduces to 

in the above 

(48) 

(49) 

expression, 

(50 ) 



Eq. (50) 

Keeping 
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can be rewritten 

h = 
Pin 
A·..1T 

as 

and 

and denoting 

Pin 

the convective 

coefficient with no corona wind 

and the convective heat transfer 

corona wind as we 

and 

A 

heat 

as 

constant, 

transfer 

coefficient 

hn' 

with 

see that 

(51 ) 

where 

rise 

..1Tn 

of the 

is the steady state 

t.eat transfer with no 

temperature 

corona wind 

directed at it I and 

is the steady state temperature rise 

..1Tc 

of the 

heat transfer surface w.th corona wind directed 

at it. Therefore the percentage enhancement of 

convective heat transfer over natural convection 

due to corona wind blowing to a heat transfer 

surface is 

hc - h 
~ = n· 100 percent. 

h n 
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or alternatively, 

ATn - AT 
_...!.!-___ c. 100 percen t . 

ATc 
(52 ) 

The experimental results of Fig. 44 to Fig. 53 are 

summarized in Table II. 

TABLE II: Summary of Experimental Results 

ig. No. Ih ATn • ATc Z ,. with corona 

wind·· 

(A) oC oC percent (s) - 1 

45 0.5 66 31.0 112.9 340 

45 0.6 76 43.0 76.7 340 

45 0.7 93 62.0 50.0 280 

46 0.6 76 41.5 83. 1 190 

47 0.6 76 43.5 74.7 230 

48 0.6 76 42.5 78.8 240 

49 0.6 76 37.0 105.4 280 

50 0.6 76 36.0 1 1 1. 1 210 

51 0.6 76 38.0 100.0 230 

52 0.6 76 42.5 78.8 260 

53 0.6 76 42.5 78.8 290 

• From Fig. 44 . 

•• For values of with no corona wind see 

Fig. 44. 
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3.6.3 Discussion of Experimental Results 

From Table I I , we conclude that corona wind has a 

sign i f i cant i nf I uence on heat transfer at a so lid gaseous 

interface when a corona wind is directed to a heat 

transfer surface which is heated by a constant inflow 

of energy. The convective heat transfer coefficient is 

enhanced by up to 112.9 percent. Temperature drops 

of the heat transfer surface of up to 400 C 

are recorded. The thermal time constants for heating up 

the heat transfer surface are also reduced by up to 65.4 

percent. It must be mentioned here that the degree by 

which the corona wind 

heat transfer surface 

enhances heat transfer 

is dependent upon the 

from the 

following 

factors: 

-The orientation of the heat transfer surface: It 

matters for example if the heat transfer surface is 

facing upwards, sideways, downwards or placed 

inside an oven. 

Because of the orientation of the heat transfer surface 

natura I convect i on may 

or hindered by it. 

be augmented 

When the 

by corona wind 

heat transfer 

surface faces upwarcs, the natural convection driving 

force acts upwards. The convective heat transfer 

coefficient due to natural convection is substantial in 

this case. Corona wind when appl ied, creates heat 

convection cells. When the heat transfer 

surface 

natural 

air can 

transfer 

compared 

faces downwards the driving force in 

warm 

heat 

convection 

only move 

acts upwards and the 

convective sideways. The 

coefficient due to natural 

to the previous case. 

convection is lower 

Therefore the 

appl ication of corona wind wi I I enhance convective 

heat transfer more significantly in the latter case. 

When the heat transfer surface faces sideways 

the warm air rises upwards due to natural convection. 
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In this case when corona wind blows at the heat transfer 

surface from the side it augments natural 

convection. In an oven, heat transfer due to 

natural convection is very dependent on the 

temperature distribution and taKes place very slowly 

where the temperature differences are very small. When 

corona wind is appl ied in an oven there is a 

constant driving force which depends on corona 

current only. Therefore equal isation of temperatures in 

the oven becomes faster. 

-Temperature difference between the heat transfer surface 

and the ambient: At higher temperature differences 

between the heat transfer surface and the ambient the 

cofficient for natural heat convection is substantial 

as it is proportional to the said temperature 

difference. Therefore the heat convected away due 

to natural convection increases more than I inearly with 

increasing temperature difference with the ambient 

as is impl ied by Eq. (3). 

temperatures 

radiation 

of 

becomes 

the heat 

more 

At higher absolute 

transfer 

significant. 

surface 

From 

Eq. (2) the net heat lost by radiation is given by 

(53 ) 

Here is the net heat which is radiated 

away by the heat transfer surface, 

Stefan's constant, 

temperature of the heat transfer 

is the absolute ambient 

is the 

surface 

a is 

absolute 

and 

temperature. Ta 

general dependence of the enhancement Of 

The 

heat 

convection on the temperature of the 

surface has been verified by results 

three rows of Table II where it is 

heat transfer 

in the first 

shown that an 
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three rows of Table II where it is 

increase 

surface 

of the temperature of the 

Tn by on I y 

the enhancement of convective 

shown that an 

heat 

27 0 C 

heat 

transfer 

reduces 

transfer 

coefficient by 

From Fig. 

cool i ng effect 

56 percent. 

46 to Fig. 53 

of the corona 

we note 

wind 

that 

which 

the 

is 

directed at a heat transfer surface depends on 

the configuration of the EWS. From Table II 

we see that the optimum configuration for the EWS is 

approximately that indicated in Fig. 50. The 

dependence of heat convection on the configuration of 

the EWS is important because of two reasons. 

Firstly 

the 

the configuration of the EWS determines 

magnitude of the corona current according 

to Eq. (11), the corona current in turn is related to 

the average corona wind velocity according 

to Eq.(29a), whiCh determines the convective heat 

transfer coefficient 

Eq. (5). Secondly it is 

be positioned such that 

h acccording to 

important that the wires 

they do not reduce very 

much the velocity of the corona wind in the central 

51 for exampl e, core of the coro~a wind. In Fig. 

the wires are very close to each other and 

hence diminish the effectiveness of the high corona 

current generated by the EWS. 
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3.7 The Corona Triode 

The corona triode is studied to clarify whether 

ions reaching the plate could have an effect on the heat 

transfer. In contrast to the EWS, studied up 

til I now, the corona triode al lows us to direct 

more ions to the plate. 

3.7.1. General RemarKs 

The corona triode which is shown in Fig. 54 has been 

used in a number of scientific measurements 

appl ications. 

cathode 

(pOint.) 

biased 

---~~I ---

and 

g rid _-----~~r---'l~.,-=-==-=-=-=-=-=-=-=-=-=-=r1- -=r :::::;' voltage 

anode ~ -

(grounded plate) 

Fig. 54: Corona triode. 

Hayne [95) has used the corona triode to control the 

charging level of a photo-receptor in a xerographic 

copier. Goldman et al [96) have used the corona triode 

to measure the mobil i ty spectra of ions produced in a 

corona discharge, whi Ie Masuda et al [97) have used it 

in the study of the initiation conditions and mode of 
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bacK discharges in electrostatic precipitators. 

Withers et al [98] have used the corona triode to 

stop the corona wind in their study of aerosols which are 

subjected to an electrostatic field in a corona 

discharge. A I I en et a I [99] have used the 

corona triode to study the ionic species formed in a 

corona wind. 

corona triode 

Bradley et al 

Gross et al [ 1 001 have used the 

to implant ions in thin polymer fi Ims. 

[101] have used the corona triode to 

study the effect of temperature distribution on 

electrohydrodynamic driven instabi I ities. 

Mc lean et a I [102] have deve loped a theoret i ca I 

model which describes the electrical current transparency 

De of the biased grid of a corona triode. The 

electrical current transparency of the grid is defined as 

Here 

which 

jo 

De 
(54) 

is the current density to the anode 

has crossed the grid and 

is the current density in the corona discharge 

region measured before the grid. In their model, current 

penetration through a biased grid is solely a 

function of the field penetration from the cathode 

through the grid. Furthermore they show that this field 

penetration is a function of the field 

Eg 

Eo 

region. 

Do 

The 

De 

between the grid and the anode, the field 

adjacent to the grid in the corona discharge 

and the optical transparency of the grid 

related to the construction of the grid. 

measurements 

does 

presented here show 

not depend on the 

that 

field 

penetration through the grid alone, but is strongly 
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dependent on the corona wind velocity also. This 

result is in agreement with Haug [103). 

According to Haug et al [103-106) the electrical 

current transparency of the grid in a corona triode 

depends on the ionised gas velocity upstream of the grid, 

the mobility of the ions, the optical transparency of the 

grid, and the fields and 

mathematical authors give a Eg . 

expression 

These 

for which gives values that 

seem to describe experimental 

well 

measurements rather 

01 iveira et al [107) have shown that the plate 

current 

I imi ted 

Ip is a space charge 

current (SCLC) for low 

voltages and 

by 

grid-anode 

is 

for 

only 

higher 

attracting 

determined 

grid-anode 

attracting voltages because the corona current then 

remains smaller than the SCLC in the grid-anode spacing. 

These authors show further that the neccessary 

voltage 

Ip 

Vr 

to zero 

u l 
K 

which 

is given by 

wi II 

cut-off 

reduce 

(55 ) 

where u IS the corona wind 

velocity, t 
the i on mob iii t Y I 

the 

and 

grid-anode 

Vf 

spaCing, 

is K 

the quaSi-potential whiCh Simulates the anode current 

caused by field penetration through the grid. The value 

of is given by [ 1 08) . 

(56) 

where a is the spacing between wires of the grid 
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and r is the radius of the wires of the grid. 

This section reports on our experimental 

investigation of the penetration of ions through the 

grid of a corona triode. 

3.7.2. Experimental Setup. 

The experimental apparatus conSists of a corona 

triode in which the cathode is formed by a 90 degrees 

flat aluminum edge. The grid is a copper mesh of 60 

percent opt i ca I transparency. To a I low for unhampered 

flow of air we used a square meshed grid instead of a 

plate as anode. A Pitot-tube is positioned at the anode 

in a hole of 20 mm diameter. A flat copper disK cap of 15 

mm diameter is fitted to the Pitot-tube to collect ions 

for current measurements. The Pitot-tube forms a part of 

the velocity measuring system, whi Ie the copper cap 

COllects a part of the anode current, and forms a 

part of the anode current detection system. This enables 

us to measure current and velocity at one point sim-

ultaneously. 

power supply. 

The grid is biased by a 0-400 Vdc 

The anode is grounded, and hence serves 

also as a guard ring. The experimental arrangement is 

depicted in Fig. 55. 

cathode 

(pOint) 

1 
d g 

grid 

------

Vgr 

~-----

Fig. 55: Experimental setup. 
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3.7.3 Experimental Results 

Fig. 56 shows the current characteristics for low 

anode currents only. These curves are simi lar and 

parabo I a-I iKe, wh i ch as observed by 01 i ve i ra indicate 

that the 

10 20 30 
) 

Fig. 

anode is space charge limited. 

0 0 0 t 0 3 mm, Ie ~ 10 ~A 

)( X )( t .. 5 mm, Ie ~ 10 ~A 

• • • t 10 mm, Ie ~ 10 ~A 

110 50 60 70 SO 90 100 110 12.0 130 1'10 

GI~ I (J- anode potential , V gr· (V) 

56: Anode current vs grid-anode 

voltage (V gr) characteristics of the 

corona triode, for three values of the 

grid-anode spacing t Note: 

10 ~A Only a sma II fraction of the 

corona current reaches the measuring 

disK In the anode plane. 
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shows the cut-off 

as a function of the gap spacing 

grid-anode 

l 

between the grid and the anode. 

Fig. 

0 

• • 

• 0 0 0 Ie z 20 ~A 

• • • 1<; z 10 IJA 

, • ,0 Il/. II#- 16 ,s 20 :/.2-
~ 

Grid-anode spacing: t (mm) 

57: Cut-off voltage (Vrl vs grid-anode gap 

length (ll 
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Fig. 58: shows the corona wind velocity on axis 

Umax as a function of anode current 

,." 
lit 

t = :3 mm 
n. - ----- - --- - - --I 

t 
o· 

0·4 

O-l. 

o 

- 10 mm 

• 

Fig. 

Anode current, 

58: Corona 

(umax ) 

( I p) 

triode. 

-.2.0 

I P (nA) 

wind velocity on aXIs 

vs anode current 

characteristic of the corona 

Ic = -10 ~A. 

3.7.4 Discussion of Experimental Results 

From Fig. 56 we see that for low current densities, 
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the anode current 

charge I imited current. 

classical 

'V.j :0, 

use 

equations 

the 

u i : u + KE 

v . E : piE 0 

ion 

is indeed a space 

If we start with the 

j : 

and 

motion equation 

we arrive at 

the unidimensional solution of these equations, 

• 
9KE o [ 

j : '8['r Vgr + u ~] (57) 

We can write the unidimensional solution of 

these equations as a new expression for the 

space charge I imi ted currrent in the 

presence of the corona wind. 

where. 

V9C 
u . t 

: Vgr + K 

Fol lowing 01 iveira 

contain 

describe 

an addd i t i onal 

the effect 

through the grid. That 

(58) 

the term Vgc might 

term Vf to 

of field penetration 

is to say 



Vgc = Vgr + 
u t 

K 
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Equation 

of the 

From 

cut-off 

(58) represents a genera I i zed form 

Chi Id-Langmuir law [109J 

Fig. 57 we see a linear 

voltage 

increase 

with 

Of the 

an 

increasing grid-anode spacing and corona wind 

velocity as was stated in Eq. (55). The intercept value 

in Fig. 57 is Vf the quasi-potential 

due to field which has penetrated through the grid from 

the cathode. 

Fig. 58 indicates that the magnitude of the current 

in the grid-anode spacing does not appreciably 

alter the velocity of the corona wind. ThiS is because 

the anode current density is normally very smal I. The 

grid-anode spacing is also much smaller than the 

corona gap length. The effect of current density and 

spacing between grid and anode to the generated corona 

wind velocity can easi Iy be understood if one refers to 

Eq.(23). 
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3.8 Heat Transfer Measurements With Corona Triode Used 

to Control the Magnitude of Current Collected by the 

Heat Transfer Surface 

The enhancement of convective heat transfer by 

corona wind blowing on a flat upward facing heat transfer 

surface IS measured. The corona triode is used to create 

the corona wind and to control the magnitude of the ionic 

current collected by the heat transfer surface. The 
• 

effect of the interaction of the ionic current and the 

heat transfer surface is investigated and conclusions are 

drawn. 

3.8.1 Principles of Measurements 

The experimental setups are shown in Fig. 59 and 

Fig. 60. The heat transfer surface is an upward facing 

aluminum plate which is heated from below by electrical 

heating elements. Three heating elements are connected 

in series to the temperature control led 220 V ac power 

supply. Glass wool orland styrofoam provide thermal 

insulation to ensure that heat is only lost through the 

upper surface. A nar~ow airgap separates the plate from 

the heating elements. 

If the temperature of the plate is maintained 

constant with the help of thermocouples instal led in the 

plate 

averaged 

the fol lowing 

in time 

relation must be correct, 

(59) 

Here is the average electrical power input to the 

plate at constant temperature 

the surface area of the plate, 

temperature, and h 

of the plate, A 

the ambient 

the convective heat 
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transfer coefficient. 

If the temperature of the plate, the ambient 

temperature, and the surface area of the plate are Kept 

constant, 

Pin 

transfer 

then the average electrical power input 

varies directly with the convective heat 

coefficient h. Power losses by radiation 

and convection from the edges of the plate also remain 

constant when we change the parameters of the corona 

discharge, 

plate 

and therefore cancel out. 

,fd-;' 

I ~athode 
::------ (combs) 

_~~~---s-c-~--~r------1t wires 

I .i.. -.-.-.--+-~~- ....... ---, 
d p 

he at i n gel emen t ~'.fJ;2~~,=:~~:",:~:",~r-~-"-"-'=-

plexiglass 

glasswool 

temperature 

power supply 

controlled clocK 

Fig. 59: Experimental setup for the measurement of 

the enhancement of convective heat 

transfer by corona wind. 

dw = 35 mm, d p = 92 mm, 

Sc = 30 mm, Sw = 12 mm. 

3X Combs, each 25 teeth. 

Heat transfer surface 450 X 290 mml. 



102 

cathode 

! (combs) --. J ~ 
wires ~. 0 till .. 0 

biased gr i d ---~~(-~~~-~-~~-~~~-~~-~~-~-~=-===~ '~J 

heat transfer 

surface 

Fig. 60: Experimental 

of 
setup to measure the effect 

on the enhancement of the 

convective heat tranSfer coefficient. 

d w = 35 mm, d p = 92 mm, 

Sc = 30 mm, Sw = 12 mm. 

Distance between grid and heat 

surface = 1 mm. 
tranSfer 

3X Combs, each 25 teeth. 

Heat transfer Surface 450 X 290 mm' . 
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The power supply to the heating elements IS thyristor 

contro II ed. The temperature of the plate is maintained 

constant by switching on and off complete cycles of the 

ac voltage supply to the heating 

electrical 

when power 

clocK only measures the 

elements. 

time 

The 

tp 

is suppl i ed to these heating elements. 

Therefore if it is assumed that the heating elements 

consume constant power 

Pin 

the average 

power 

given by 

to the heating elements IS 

(60) 

Here is the total length of time the plate 

is maintained at a constant temperature. 

3.8.2 Experimental Results 

Measurements of the plate current ( the, current 

which is collected by the heat transfer 

as a function of the grid 

for the experimental setup 

Fig. 60 are shown in Fig. 61. 

measurements were done with a gap voltage 

surface) 

voltage 

shown in 

These 

at the combS of 

of 

-20.1 KV and a total 

Vg 

corona 

current 

Fig. 

heating 

IC 

62 shows 

elements 

-330 ~A. 

plots of the power input 

(wh i ch is 

proportional to the heat transfer coefficient 

as a function of corona current Ic' 

to the 

directly 

h) 

Table III is a presentation of more measurements to 

investigate the mechanism of 

heat transfer by corona wind. 

the enhancement of the 
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Table III: Heat Transfer Measurements 

tc Vg IC Ip Vgr • Pin .1T h"" 

No (min) (K V) (~A) ( nA) (V) (W) (oC) (W/m'oC) 

1 20 -19.8 -330 -16 0 129.6 32 26.8 

2 20 -19.8 -330 0 +135 130. I 32 26.9 

3 10 -20.0 -330 -16 0 128.7 32 26.7 

4 10 -19.0 -330 -58 -44 129.9 32 26.9 

5 10 -19.5 -330 -- 129.5 32 31.0 

6 10 0 0 - - 71 .5 32 17. 1 

7 10 -11 .9 0 -- 72.0 32 17.2 

8 10 -16.8 -100 -- 114.6 32 27.4 

9 10 -16.8 -200 - - 124.5 32 29.8 

10 10 -15.6 -50 -- 101.6 32 24.3 

" The vs plot is shown in 

Fig. 61," "means there is no grid in position. 

"" Surface area of heat transfer surface is 0.1305 m'. 
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3.8.3 Discussion of Experimental Results 

From 

No. 

Fig. 62 or Table III rows No.5. No. 

8, 9, 

enhancement 

the corona 

of 

and No. 

heat 

current. 

10, we 

transfer 

conclude 

increases 

From Table III rows No. 6, and 

heat we conclude that the convective 

that the 

with 

No. 7 

transfer 

coefficient 

flowing. 

remains constant when no corona current is 

Therefore the augmentation of the 

hydrodynamic flow of the air, which is caused by the 

flow of corona current, is responsible for this 

enhancement of convective heat transfer. 

In the experimental measurements, the grid which is 

used in an experimental setup reduces the corona wind, 

which minimizes the effect of corona wind on thermal 

convection at the plate. One of the plots in Fig. 62 

indicates this phenomenon. 

From Table III rows No. 5 and No. 6 

coefficient 

we 

see that the convective heat transfer is 

enhanced by up to 90 percent when corona wind is blown 

to the heat transfer surface. 

From Table 

No.4, we see 

have no effect 

III 

that 

on 

transfer surface 

rows No. 1 , No.2, No.3, and 

Vgr 

heat 

which 

and consequently Ip 

transfer at a heat 

is at by 

corona wind. (F'g. 61 shows the 

blown 

Vgr vs Ip curve 

for this 

phenomenon 

exper,mentai 

as follows: 

setup .) this 

measurements in section 3.1 of 

this thesis have indicat€d that the largest part of the 

corona current is collected by the wires. On the other 

hand measurements in section 3.7 of this thesis have 

indicated that there is a very small potential 

drop between the wires a grid) and the plate of a 

corona triode. From these two measurements it may be 

concluded that any further augmentation of the 
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corona wInd past the grid by the Ions which reach the 

plate is too sma I I to have any effect on the 

coefficient of heat discussed 

above. Another effect 

transfer as has been 

of the Ions reaching the plate 

could have been due 

ionization which the 

to their potential 

ions release when 

energy 

they 

of 

get 

neutral ized at the plate. The ionization energy carried 

by these negative tons IS at most a few eV. Note that 

positive Ions have a higher Ionization energy. of tl,e 

order' of 10 eV. On reaching the plate the negative Ions 

are neutralized, but since the plate current is 

smal the net energy which IS released by 

neutr~a Ii zat ion of the ions at the plate IS too smal 

very 

the 

to 

be of any consequence (approximately 0. 15 ~W at 50 nA 

pI ate current). 

From Eq. (29a) 

is proportional to 

the average corona wind velocity 

Ic O. 5 . From Fig. 62 it can be 

h is proportional deduced 

I
c
O.3 

that 

So It may be concluded that 

to 

h 

due to corona wind IS proportional to 

This compares 

jet where 

favourably with a mechanically 

h is proportional to 

as was stated inEq. (5). 

U 0.6 av . 

generated 

u avO. 5 



108 

CHAPTER IV CONCLUSIONS 

The basic equations which govern 

corona wind are outl ined in section 2.3. 

created when the Coulomb forces acting 

transferred by co I lis Ions to the 

the nature of 

Corona wind 

on ions 

neutral 

is 

are 

air 

molecules. Magnetic forces and electrical polar 

forces are negl igible. 

Most of the fie I d lines from the ion i sat i on reg i on 

of an EWS terminate at the wires. Therefore most of the 

corona current is collected by the wires. The 

collection of most of the corona current by the wires of 

an EWS increases the magnitude of the geometrical 

constant in the classical corona current equation of 

Townsend for a pOint-to-plate geometry with a fixed 

pOint-to-plate spacing. As a result more corona 

current 

taKes 

can flow before space charge imitation 

place, consequently the velocity of the corona 

wind increases. However the electroKinetic conversion 

efficiency of the EWS although better than 

for a pOint-to-plate geometry is low of the order 

of 3 percent. Most of the electrical energy is used in 

elastic and inelastic coil isions, and ends up as heat. 

The corona wind velocity dIstribution is bell shaped 

with an accentuatEd narrow peaK. In the accentuated peaK 

region the wind is created because the Coulomb forces on 

ions are trasferred to the neutrals as explained above, 

whi Ie around this region air motion is caused by viscous 

forces. 

There is about one ion to 600 mi II ion neutrals in 

the corona wind. The effect of the ions on the thermal 

conductivity and viscosity of the air media is therefore 

negl igible. 

Corona wind is laminar , and consequently has a 
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rather smal spread. Some wiggl ing behaviour IS 

seen which may be caused by changes in the boundary 

conditions at the electrodes. In my setup the corona 

wind of one po I nt is conf i ned in an area of 2x4 cm'. 

The corona wind has a long reach of up to 25 cm below 

the corona discharge pOints. 

Mechan i ca I I Y created free jets are in compar i son 

turbulent and divergent because of strong edge effects 

at the orifice and the resulting abrupt transition from 

pipe flow to free flow. 

When a corona wind is superimposed on a mechanical 

jet, the jet becomes less turbulent. 

The blowing of corona wind on a heated transfer 

surface has a sign i f i cant coo ling effect on the 

surface and enhances convective heat transfer from the 

heat transfer surface by up to 110 percent according 

to my measurements. Temperature drops of up to 

40 0 C of the heated surface were measured. The 

time constants for heating up the surfaces are also 

reduced by up to 65 percent. The degree by which 

the corona wind enhances heat transfer from a 

heated surface depends on the orientation of the 

heated surface and the temperature differences 

between the heated surface and the ambient. The 

importance of these 

3.6.3. 

factors is explained in section 

The configuration of the EWS can be 

optimized to generate maximum corona wind and at 

the same time a sufficiently wide opening between 

the wires to a I low the corona wind to reach the 

heat transfer surface. In 

the optimum configuration of the 

be the one depicted in Fig. 50. 

The Langmuir-Child equation 

IS genera I i zed 

my 

EWS 

for 

measurements, 

turns out to 

space 

to include imi ted 

where 

current 

the gas is in motion (section 

charge 

the case 

3.7.4) . 
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Corona wind enhances the convective heat transfer 

coefficient by augmenting the hydrodynamic flow. A 

possible empirical correlation between convective heat 

transfer and corona current is 

of convective heat transfer 

upward facing surface which 

wind is pro port i ona I to 

in section 3.8.3. 

that 

h 

is blown 

I c O.3 

the coefficient 

from a heated 

at with corona 

as outlined 

There is no contribution to the rate of 

heat transfer due to the interaction of ions 

convective 

with the 

heat transfer surface. 

The laminar nature of the corona wind maKes it more 

su i tab I e than a mechan i ca I jet in enhanc i ng the 

convective heat transfer coefficient by blowing on flat 

heat transfer surfaces. 

Further research should be directed into the effect 

of superimposing corona discharges on mechanically 

generated turbulent jets to reduce the turbulence of 

mechanically generated jets. A proper reduction 

of turbu I ence In mechan i ca I I Y generated jets, cou I d 

maKe such appl ications possible. 
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ABSTRACT 

The convective heat transfer to or from a solid, can be significantly 

enhanced by a nearby corona discharge. through the interaction of the 

corona wind with the thermal boundary layer. Experimental measurements 

with a number of measuring techniques have shown that this interaction 

can be 'effective because the corona wind flows in quite laminar jets 

-with a long reach and a small spread. 

1. INTRODUCTION 

The enhancement of heat transfer across solid-gaseous interfaces by a 

nearby corona discharge has been known since 1899 (Chattock). In the 

1960's increases of the heat transfer coefficient by about a factor four 

above that for natural convection were measured. This resulted in an 

. h 1.2 
~ntense research on this process throug out the world Nowadays 

several patents exist on the practical application of this phenomenon. 

The heat transfer augmentation process is however, not yet clearly 

explained. The corona wind itself, the character of the stream. the 

interaction of charged particles with the target object, or a c~mbination 

of these factors may be responsible. The aim of this paper is to find 

the predominant factors wich cause the observed heat transfer enhancement. 

New applications of corona wind and an optimization of already existing 

apparatus are then possible. Throughout the paper we employ 5.1. units. 

2. THEORY 

In a corona discharge the ionization takes place in a very small region 

near the electrode with the smallest radius of curvature. If this 

electrode is negative and if an a~taching qas is present in the gap, 

rapidly drifting negative ions are formed. These ions make frequent 

collisions with the neutral molecules. so that they acquire a constant 
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drift velocity. The force caused by the electric field is then completely 

transferred to the neutral gas. This is the essential element in the ion 
3 

drag theory The flow created in this manner, the so called corona wind, 

resembles a jet flow. The body force, 

F = P E 
c ' 

(1) 

in which p is the charge density and E the electric field strength, is 
c 

a function of the location within the jet flow and acts throughout the 

entire region between the electrodes. This force couples the electrical 

and fluid dynamical behaviour of the corona discharge and shows up as 

a source term in the Navier-Stokes equation 4. The equations governing 

the electric, velocity and temperature field form a large set of coupled 

partial differential equations. The boundary conditions have a large 

influence on the nature of the flow field but are often difficult to 

formulate. 

3. EXPERIMENTAL SETUP 

The electric wind system as shown in Fig. I consists of a flat 90 degree, 

1 mm thick brass edge and two parallel stainless steel rods of 5 mm 

diameter. In this system d is the distance between the two rods and S1 

the distance between the point and the plane of the rods. In commercially 

used electric wind systems of this type (The METC-system, INTER-PROBE 

Inc., Chicago) a flat plate is placed a distance h below the rods1 this 

plate may b~ the heat transfer surface in an oven. We consider the point 

to be the center of a right handed cartesian coordinate system where the 

x-axis is normal to the plane. A negative high voltage is applied to the 

J;X>int. The discharge is a ne<;:::ltive corona discharge of the "Trichel-type", 

5 
in atmospheric air 

4. MEASUREMENTS 

~l~c!r~c~l_m~a~uEe~ents. Figure 2 shows the current drawn to the rods 

versus the negative voltage applied to the point. The voltage current 

6 
characteristic follows the well known empirical formula 

(2) 

I is the current to the rods, V is the voltage applied to the point, 

V is the corona starting voltage and K1 is a constant with dimensions 
s_2 

AV When a grounded heat transfer plate is placed some distance below 

the rods and the current, 1
2

, drawn to this surface is measured we 

observe that: 

I «I 
2 1 

and (3), (4) 
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-1 
K2 is a constant with dimensions AV The current 12 is small which 

indicates that almost all ions reach the grounded rods. This is also 

confirmed by the hot-wire anernometry measurements. 

~i!o!-!u~e_m~a~uEe~e~t~. The velocity of the corona wind is determined 

by measuring the pressure difference in accordance with Bernoulli's 

equation: 
2 

6p = ipu , ( 5) 

~p is the difference between ambient pressure and stagnation pressure, 

p is the mass density of air and u is the air velocity. The Pitot-tube 

was placed behind a grounded wire mesh of 59.2% transparency and 

corrections were made for the disturbances created by this wire mesh. 

The measurements show a bell shaped velocity profile with a typical peak 
-1 

air velocity of 4.5 ms . In the absence of the grounded rods the velocity 

profile remains bell shaped with in addition a sharp accentuated peak 

at the center, and lower air velocities. 

~o!-~iEe_a~e~o~e!rx. Anemometer measurements are based on a measurement 
7 

of the convective heat-loss from an electrically heated fine wire 
-1 

Measurements of air velocities down to 0.2 ms are possible. The hot-wire 

anemometry showed a reach of the jet of at least 25 em for V = -20 kV and 

S = d = 30 mm and a relatively small cross section of the jet (typical 
1 

size 10 cm2 ) which shows little spreading downstream. The velocity profile 

as shown in Fig. 3 is bell shaped and the average wind velocity is pro

portional to the applied voltage V for voltages well above the corona 

starting voltage V . Only low frequencies, less than 1 kHz, were present 
s 

in the anemometer output signal. No significant differences between the 

readings of a "shielded" and an "unshielded" hot-wire sensor were observed 

for wire to rod distances greater than the rod to rod spacing d. The 

grounded shielding devices for the hot-wire sensor should divert charged 

particles away from the wire. An additional test was to measure the 

current drawn by an unshielded hot-wire sensor placed at a distance less 

than d below the plane of the rods; even then its current was less then 

0.05 ~A. This confirms that most of the ions flow to the two grounded rods. 

~cgl~eEe~ ~i~g~o~t~c~. A Schlieren setup provides an optical visualization 

technique in which the intensity of the transmitted light depends on the 

gradient of the air density 8. In our experiments we had to heat the corona 

electrode to generate the necessary air density variations. Photograph 1 

shows a Schlieren picture of a corona wind jet. The photograph shows a 

stable flow pattern; the actual jet is wider than is shown in the picture, 
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because the hot air camming from the heated point is concentrated in the 

center of the jet. 

Artifici~1_m!5!. We also used a mist produced by solid CO
2 

to visualize 

the air flow in an electric wind system. Photograph 2 shows a picture 

where the mist is introduced downward into the electric wind system 

through 11 small holes in the wall of a tube parallel to the rods. From 

the artificial mist experiments we obtained the following conclusions: 

- the velocity profile has a small diameter (~ 35 rnrn) 

- the flow is stationary within two seconds after the application of 

the negative high voltage. 

- the generated jet has a much more laminar character than a jet 

originating from an orifice. 

This last conclusion is in full agreement with the results from Schlieren 

and anemometer measurements. A difficulty in the comparison of an "orifice 

jet" and a corona wind jet is the question which parameter should be the 

same in both jets. Nevertheless the conclusion is quite general, since a 

longer reach, a smaller spread and a lower turbulence was seen in all 

measurements on corona wind jets. 

~e~t_t~a~s!e~ ~eas~r~~n!s~ Figure 4 shows some results of heat transfer 

measurements on a heated horizontal copper plate with dimensions 220 x 

170 mm. The electric wind system used here consists of 75 discharge points 

as in Fig. 1, arranged in five rows of 15 teeth parallel to the rods. The 

temperature rise ~T with a heating input of 44 W decreases by a factor 

two after the electric wind system has been energized. The electric power 

input to the corona dischars~ is 5.4 W. This observed increase in the heat 

transfer coefficient is in this case only a factor two, because the free 

natural convection upward from the horizontal plate is app~eciable. 

Preliminary optimization with respect to the parameter d shows that 

maximum heat transfer takes place for d ~ 25 rnrn, for SI = 33 rnrn. The 

other parameters 8
1 

and h have only a weak influence on the heat transfer. 

5. DISCUSSION AND CONCLUSIONS 

A jet generated in an electric wind system is more laminar, spreads less 

and has a longer reach than a jet originating from an orifice. The reason 

for this is that the smoothly distributed body force acting in.the corona 

wind generates much less initial disturbance than a sharp edge at the end 

of the tube in the case of an orifice jet. The conclusion must be that the 

enhancement of heat transfer is caused by the more laminar character and 
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the longer reach of the corona wind jet. The negative ions cannot con

tribute significantly to the heat transfer since very few ions reach the 

heat transfer surface. 
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