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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 gecmetries 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. Corcna 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 descriked 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 out 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.

Kadete, H.

ENHANCEMENT OF HEAT TRANSFER BY CORONA WIND.

Faculty of Electrical Engineering, Eindhoven University of Technolecgy,
the Netherlands, 1987.
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S$YMBOLS

Symbols in bol!dface are veciors.

UPPER CASE LETTER SYMBOLS

Area [me ]

Constant

Diameter [m]

Opticat transparency [percent)

Electrical current transparency of a grid
[percent]

Substantive derivative,or hydrodynamic
derivative, In the cartesian two coordinate

system = /4t + ud/Ix + vad/dy

Etectric field intensity [V/m]

Breakdown field strength between two parallel
planes {v¥/m)

Onset corona field strength at surface of highly
stressed electrode [V/m]

Electric field intensity between grid and anode
of a corona triode [VY/m}

Electric field intensity between cathode and
grid, close to the grid in corona triode [V/m]
Electric field strength parallel to the X
direction {(V/m]

Gradient of the electric field intensity in the

* direction f[V/m)
Force [N}
Force acting in the X direction [N]

Magnetic field intensity [A/m]

Current [A)

Corona current from discharge electrode [A]
Current througn the heating element [Al

Corona current collected at the plate [A]



dT
dn

=,

AT
AT,

ATh

Saturation corona current [A]

Corona current collected at the wires [A]
Mobility [m? /Vs]

Length of an electric flux line [m]

Air mass flow rate [Kg/s]

Number of air molecules crossing a
per second [s™ 1]

Number of ions crossing a plane

per second [s~}!)

Power [W]

Power consumed by a heating element {[W]
Average input power [W]

Charge per pulse [C]

Resistance []

Resistance of heating eiement [Q]

plane

Resistance of hot wire of anemometer probe [Q]

Resistance of cold wire of anemometer probe [Q]

Therma! resistance [OC/W]
Temperature [°C)

Ambient temperature [°C}
Maximum temperature {°C)

Temperature of plate [°C)

Temperature at solid-gaseous interface [°C]

Temperature gradient normal to a cross-section

area considered [°C/m]

Temperature gradient normal to a cross-section

area considered at the surface [°C/m]

Temperature difference [9C]

Temperature difference between heated
surface and ambient when corona wind is
at heated surface [9C)

Temperature difference between heated

blowing



dAT
dt

dv

dx

surface and ambient when no corona wind i S

blowing at the surface [©C]

The rate of change of the
temperature difference [CC/s])

Scalar function

Voltage [V]

Voltage cutput of anemometer measuring unit [V]
Potential between grid and anode of corona
triode due to voltage of cathode ([V]

Corona inception voltage [ V]

voltage applied to corona discharge gap [V]
Corrected potential between grid and anode of
corona triode [V]

Voitage applied to grid [V]

Yoltage output of anemometer measuring

unit at zero velocity measurement [V]

Potential between biasing grid and anode for
which anode current is zero in a corona triode
[vi

Voltage grad:ent in the % direction [V¥/m]

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 drifil
region [J]

Fiow resistance coefficient of a grid

[percent]



LOWER CASE LETTER SYMBOLS

Distance between grid wires of corona triode [m]
Constant

Constant

Constant

Constant

Reduction factor [dimensionless])
Geometrical factor

Specifi¢ heat capacity of heat transfer
surface [J/kg®C]

Corona geometry spacing between cathode and
anode [m]}

Length between cathode and biasing grid

in corona triode [m]

Length between cathode and plate [m]

Length between cathode and wires [m]
Electronic charge {1.609 x 10719 ¢

Force density [N/m3)

Force density parallel to the

% direction [N/m3]
Force density parailel te the y direction
[N/m3)

Constant of acceleration due to force of

gravity [m/s?}

Convective heat transfer coefficient

[wW/mz OC]

Convective heat transfer coefficient from heated
surface when corona wind is blowing at the
surface [w/m ©C)

Height of light source image [m]

Reduced height of light source image [m]

Natural convective heat transfer coefficient
[wW/m ©C)

Manometric pressure measurement [m]

tnstantaneous current to wires [A)



Jo
Jp

Js
Jg

an
ax

Pm

dp
dx

Ap
Apm

ik

9nr

Iinstantaneous current to plate [A]

Current density [A/m? ]

Current density in the X direction [A/nf ]
Current denstty in corona triode between

cathode and grid close to the grid [A/m )
Current density along axis of point-to-plate
geometry measured at the plate [A/mE ]

Current density in corona triode between

grid and anode [A/m? ]

Saturation corona current density [A/m?]

Current density at an angle - from axis
of point-to-plate geometry measured at the
plate [A/m? ]

Thermal conductivity [wW/m°C]

Thermal conductivity in boundary layer [wW/mCC]
Length from biasing grid to anode in a corona
triode [m}

Mass [kg}

Mass of one air molecule {[kgl

Mass of one ion [kg)

Refractive index of a medium [dimensionliess])

Gradient of refractive index in the X
direction tm-*)

Pressure [Pal

Measured pressure [Pa]

Pressure gradient in the X direction
(Pa-m 1)

Pressure difference [Pa)

Measured pressure difference [Pa]

Rate of heat transfer [W]

Rate of convective heat transfer [W]

Rate of conductive heat tiransfer [W]

The net heat which i8 radiated away by a

surface [W]



Uay

Uaye

Uavo

Uavs

Ut

u(r)

Umax

Au

L

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
element [s)

Control time [sS])

Differential time difference (8]

Air velocity parallel to the X
direction [m/s]

Average velocity of corona wind [m/s]

Average velocity of the corona wind in the
central core [m/s]

Average velocity of the corona wind in its outer
region [m/s]

Average space charge iimitedg corona wind
velocity [m/s]

Free stream average velocity of mechanically
created wind from orifice [m/Ss]

ton velocity [m/s}

lon velocity paraltel to the X
direction [m/s]

Radial distribution of velocity paralle! to the
X direction [m/s]

Maximum velocity of corona wind parallel! to the
X direction [m/s]

Yelocity component to which anemometric¢ probe
is most sensitive [m/s]

velocity difference paraillel to the X

direction [m/s]



dt u
_daxt

dv
dy

at v
dy?

Dv
Dt

ax

dx
dt

Gradient of velocity u along the X
direction [ 1)

Second derivative of velocity u in the
x direction (m-is 1)

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

Air velocity paraltel to the Y
direction [m/s]

Gradient of air velocity v atong the Ve
direction [s~ 1)

Second derivative of the velocity v in the y

direction m-1s- 13
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 linear displacement [m]
Velocity in the b direction [m/s]

Cartesian coordinates [m,m,m]
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GREEK SYMBOLS

3¢
3Pm

Pm
Pmf

Av

Viscosity (Pa-5)

Temperature coefficient of

Resistivity [(®C) 1]

Conductor roughness factor [{dimensionless]
Relative air density [dimensioniess])

Etectrostatic permittivity [F/m]

variation of permittivity of medium with respect
to the density distribution [Fm /Kg]

Electrostatic permittivity of vacuum,
8.854188x10° 12 F/m

Relative permittivity of a medium
[dimensionless]

Angular displacement [degrees]

Dummy variable

Constant -

Overheating ratio [dimensionliess]

Magnetic permeability [H/m]

Yariation of magnetic permeability of medium
with respect to the density distribution
[Hm? /Kg]

Kinematic viscocity [m? /S]

Focal length of schliieren head lens [m)])
Mass density [Kg/m3}

Mass density of manometric

fluid [Kg/m3]

Charge density [C/m3)

Stefan’s constant [W(°C™4)}

Time constant [s~ 1)

Light intensity [Lumens]

Light intensity difference [Lumens}
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Efficiency [percent]
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Triche! pulse repetition fregquency [s"]
Enhancement of c¢onvective 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 c¢ooling
in an industrial process may c¢reate a saving in energy,
reduce process time, raise thermal rating and tengthen
the working life of equipment. Some processes are even
affected qualitatively by the action of enhanced heat
transfer.

Conventionaltly, convective heat transfer has been
enhanced by mechanically created fluid jets or by air
streams due to fan action. The jets are c¢reated 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 10 the pipes or ducts, especially at
high temperatures, Also operational problems such as
generation of noise, reduction of the possibility to view
the heat transfer surface, angd difficulty of cooling
complicated geometries make conventional systems unsuita-
ble in some cases.

A corona discharge on the other hand creates a jet
which is variouslty 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 l1ow inves-—
tment and operating costs. Morecover a device to
generate corona wind is very simple in design, robust,

and easy to operate. Especially it can be operated silen-
tly without reducing the possibility to view the heat
transfer surface, and can be constructed to c¢ool even the
most difficult geometrical configurations



1.2 Background

The corona wind phenomenon has been Known since the
late 1600’s as was first reported by HaukKsbee [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 foermation, Subseqg-
uently the mechanism of corona wind formation was treated
extensively in the literature. {6-11]

On the other hand, studies of heat transfer enhance-
ment by electrostatic fields started with Senftileben,
[12] in 1931. Senftleben and several 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 smaill to be of
practical significance,.

That corona wind as attributed by Chattock may be
directly responsible for the enhancement of the {ransfer
of heat across solid gaseous interfaces was first repor-
ted by Moss and Grey [i%] in 1966 and later by others
[17T-286]. Appreciation of the effectiveness o¢of heat
transfer enhancement by corona wind in the late 1{980'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 industrial applications of corona wind
enhanced heat 1transfer can be found in bread or cookie
baking improvement, improvement of machining processes,
simpltification and improvement of arc welding,
improvement of the quality of plasma arc depositions of

hard coatings, and the reduction of wear of cutting



tools. [37, 38}

Other areas of industrial applications are foreseen
in the cooling of semiconductor components in  computers,
cooling of glass windows and mirrors of gas lasers,
curing of tobacco leaf wrappings of cigars, drvying 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 vyet been ciearly expliained because of the possible
simuitaneous involvement of more than one underlying
physical mechanism, For example it was possible that the
interaction of ionic current and the heat transfer
surface is important in disrupting the gas flow boundary
layer. It was possible that the carona wind
c¢haracteristics are important. The corona wind may be
turbulent, pultsating etc. The electrohydrodynamic
mechanism of the corona wind had not always been properly
formulated.

| f the process of heat transfer enhancement by
corona wind is5 better understood it may be optimized and
possibly also the door may be opened to an even wider
field of applications.

1.3 Scope

Fundamental concepts on heat transfer are studied.
Empirical and theoretical equations of negative d¢ corona
are summarized. Understanding of these equations leads to
the explanation of the effect of the corona discharge
geometry on corona wind and consequentiy 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 {56]). Navier-Stokes equations of

motion and Bernoulli’s energy equaticn along a streamline



have to be properly meodified to describe the corona wind,

In the experimental! work, a8 negative dc voltage is
applied across a corona discharge geometry or electric
wind system(EWS) to generate the corona wind, The corona
wind 18 directed to a nearby heat transfer surface. The
effect of the corona wind on heat transfer across the
solid 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. Qualitative
and quantitative studies of the corona wind have been
made. These consist of velocity distribution
measurements o¢of the corona wind by Pitot-tube and hot-
wire anemometer, flow visualization of the corona wind
by schlieren method, and flow visualization 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 outiines some general remarks on
the subject of the thesis., The historical development of
scientific activities related to the enhancement of
convective heat transfer due t¢o corona wind s atso
presented. The introduction concludes with the
description of the scope and organization of the work.
This introduction forms chapter I

Chapter 1II outlines the basic c¢oncepts on heat
transfer, negative dc coronas, and the
electrohydrodynamic principles governing the generation
of the corona wind.



The part of my work on experimental measurements
which forms chapter III outlines the diagnostic
measurements on the corona wind. These include:
-measurements of the voltage-current c¢haracteristics of

negative dc corona in a geometry which i5 uUsed to
generate corona wind.

-measurements of the velocity distribution of the c¢orona
windg by Pitot-tube.

-measurements of the velocity characteristics of the
corona wind by constant-temperature hot-wire anemome-
ter,

-flow visualization of the cerona wind by Toepler
schlieren method.

-fiow wvisualization of the corona wind when carbon
dioxide generated mist is injected in the c¢orona wind,

-heat transfer measurements with and without corona
wind.

-measurements of the voltage-current characteristics of
the corona triode,

-heat 1transfer measurements with corona triode used to
control the magnitude of current which is collected by
the heat transfer surface,

Chapter IV consists of the conclusions. 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
radiation. [39-41)]

2.1.1 Conduction

Heat transfer by conduction is achieved when high
energy particies pass some of their Kinetic energy of
motion (translational, rotational, or vibrational) to low
energy particles by direct collisions or by the drift of
free electrons in the case of heat conduction in metals.
This process of passing energy is distributed in all
directions in a medium. Heat transfer by conduction is
dominant in metallic and semi~-metallic 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

geoverned by the empirical equation

Qe = -K-A-— .,

K an (1)
where qk is the heat energy flow per unit time,
K is the thermal conductivity, A is the area
through which heat is flowing and dT/dn is the

temperature derivative normal to the surface area
considered.



2.1.2 Radiation

Radiation is8 the heat transfer process by
electromagnetic waves. Radiation occurs even without any
material medium., It was stipulated by Stefan and Boltzman
that the total energy carried away by the emission of
radiation is proportional to the fourth power of the
absclute temperature. The equation of heat transfer by
radiation is given by

Qp = 0- (273 + T)4

+

(2)
In this equation =] is the energy emission per
second per unit area, T is the temperature of the
body in degrees Celcius, and o] is a

property of the particular emitting surface Known as
Stefan‘s constant.

2.1.3 Convection

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 1s still that of conduction, 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 natutral
and forced convection. In natural convection the fluid
motion is a result of the heat transfer. That is because
heating or cooling 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 similarly affected by heat transfer and



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

Qe = h-A-AT (3)

Here Qe is the rate of heat transfer between the
heat transfer surface and the fluid, A is the area
of contact, AT 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 fiow the fluid
particies move in an orderly layer-like manner. In this
case the heat transfer normal to the direction of fluid

flow is only by conduction. In turbutent flow the
movement of the fluid is characterised by an irregular
and chaotic mixing of fluid elements in all 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 temperaturss.

I¥f we neglect heat transfer by radiation, we can
combine Eq. (1) and cq. (3) at a solid gaseous
interface across which heat is flowing to vield a
relation between the temperature gradient inside a

solid, and the temperature difference between the
surface of the solid and the bulk of a fluid,
TS - Ta- we have

Qg = 9¢ (4)



It follows that,

g

2.1.4 Boundary Layer Theory

it

2—' [Ts - 7a] - (5)

The layer of fluid adjacent to a solid surface has
no relative motion parallel to the solid surface due to
the viscosity. As one moves away from the solid 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
sStream velocity value. Beyond the boundary layer
viscocity effects are neglected.

Heat transfer across a2 velocity boundary layer s
therefore mainly by the stower process of conduction,
Disruption of the velocity boundary 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
ug is given by {21}

%

]. (6)

n = [kesmH]- [VE';

Here K¢ is the thermal conductivity in the

boundary layer, and v is the Kinematic

viscocity of the fluid., It i3 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
etectrode. I+ the resulting discharge does not lead to a
full breakdown, and carries only a moderate current, the
discharge is Known as corona. lons which have the same
polarity as the highly stressed electrode are injected
into the gap. These ions get repelled away from the
highly stressed electrode, The forces acting on the ions
are the well Known Coulomb forces. in the ensuing motion
towards the collector electrode, the ions collide 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 d¢ 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 Charocteristics

Negative dc corona phenomena have been
intensely studied experimentally. A very extensive
treatment of its mechanism and characteristics can be
found in books such as by Loeb, [t1)] Cobine, f44]
Nasser, [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. [4T7)

Fer short gap lengths there is sparkover directly
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whenever any discharge activity occurs. For longer gap
iengths the transition will be from a pulsating discharge
referred to as Trichel pulises directly to sparkover, For
even longer gap lengths the transition will be from
Trichel pulses to a continuous glow to sparkover. Fig. 1
shows the different discharge modes for a point-to-plate
geometry at atmospheric pressure.
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Fig. 1: Negative dc voltage point-to-plate breakdown
and corcona 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 gtowing spots. The
number of spots increases with the current. Four
distin¢ct 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 c¢entrally placed
spike extending towards the anode., The visual form of a

negative c¢orcna discharge is shown in Fig. 2.

Negainxe 9
{i column
fho ; //PO.SL vé
ca °"¥:>.. e

/

Crookes

olark space F’arczolaj dark S)Oafé

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 {11]. 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 multiplies by Townsend ionization. The
positive ions left in the wakKe of the electron avalanche
serve to increase the ionization field, leading to a
rapid build up of the current. The positive ions further
provide an additional socurce 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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untii the negative space charge has drifted in the
electric field over a sufficient distance, referred to as
clearing distance, The time interval involvedg 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 fo!llowed
by two expeonential decays with different time constants
[48,49] as is shown in Fig. 3.
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Fig. 3: Typical Trichel pulse waveform,

The fast risetime and high amplitude 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 exponentiat part of the
Triche! 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 tast 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 smaltl,
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The above description of a Triche)l pulse is however still

a matter of intense discussions,

““The ionisation regions contain very little 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 iconisation
region and enhance it near the plate as is shown in
Fig. 4.
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Fig.4: Field distortion by space charge.

2.2.2 Fundamental Egquations

well Known empirical relationships governing Trichel
pulses are:

(i) The time averaged corona current beo and the
Trichel pulse repetition frequency 1, are linearly
related for a given electrode gap configuration, The
constant of proportionality is the charge per pulse Q.

lazx Q- .

c 1 (7)
{ii) The charge per pulse depends on the shape of

the discharge point, but is independent of the corona
current, the applied gap voitage and gap tength. I+ the



15

discharge electrode is a hemispherical cap of radius r,

Q is only a func¢tion of r
(8)
a = f(r).
(i) The Trichel pulse repetition frequency
Il is observed to follow the equation
CVgq(Va-V
o gVg=V¥e) 9)
rde
where c is a geometrical factor, r is the
radius of the cathode, and d is the spacing between
the cathode and anode, The voltages Yg and

Ve are the voltage apptied between the electrodes and
the voltage for onset of corona respectively.

The ac corona onset field strength Eq at the
surface of the highly stressed electrode of a coaxial

cyYlinder geometry was found empirically [50] to be

Ec = Ep % 8- [t + c/(8r)%]) KV(peak)/cm . (10a)
Here Ep is the breakdown field strength between two
parallel planes, x is a factor which taKes into
account the roughness of the surface and c is a

constant which depends on the electrode gap geometry.
The relative air density is denoted by

2.94-10"3 . p
273 + T

The atmospheric pressure is denoted by o] in
Pascals, and the temperature in degrees Celsius IS
denoted by T.
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More recent empirica!l formulas which have been
experimentally deduced for the c¢orona onset field
strength between coaxial cylinders are [51)

E 23 8[1 + .67 ] kvem—t
= . cm™
C _ _FGTI (10b)
and [52)
E 24 5[1 + 0.613 kvem™ 1 10
= . . C
c 0.4 (10c¢)
Here r is the radius of the inner <c¢vylinder

measured in meters. Equation (10b} and Eq., (10c¢) are in
close agreement. A theoretical derivation of Feek’'s
formula €q.(10a) has also been given [53].

The corona discharge current ¢ was empirically
determined [54, 55] to obey the relationship

Here o] is a constant which depends on the
electrode gap geometry, Vg is the voltage applied
between the electrodes, Ve is the voltage for
onset of corona, and K is the mobility of the

unipolar corona space charge in the drift region. For
coaxial cylinders the constant c was later

theoretically derived to be

B'H'EO
" d -Lnid/r)’
where €0 is the permittivity of free space, d

is the interetectrode spacing and r is the radius
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of the inner cylinder,

More exact equations for c¢ylindrical <¢oronas have
been developed [56, 57]. Theoretical derivations of the
Townsend current equations have also been made (%8, 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
V.E - eﬂ.; . ’ (12)
where
E = -vV
The electric field is E, the local voltage is v,
and p is the ion charge density.

The continuity equation is, for a stationary situation
(dp/0t = Q)

v-J = 0, (13}
wWhere
J = pu; .
u; = KE.
The corona current density is Jo the ion velocity is
u;, and the ion mobility is K.

It fotiows from the continuity equation that

V- = Vepu; = pwru; + u;-Vp - 0
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Therefore,
Ui-gp = -p’v-u;.
Since,
Dp
pr - it Ve
Dp
_z - V-u;
Dt P '
2
. ke (14)
€o

where D/Dt is the hydrodynamic differential operator.
Eq. {(14) is used to derive Eq. (16).

For a point-to-plate geometry the current density
distribution J at the plate obeys the empirical
warburg’s law [60)

L 5
Jg Jo cos8Vg (15a)
tang = r/d . {15b)

For $ ¢ 80O
where J¢ is the corona current density on the
plate 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

ts the point-to-plate spacing.

There is a fundamental saturation current density
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Js along any field line of length L crossing a
gap of voltage Vg derived Dby Sigmond [61] from
Eq. (14).
4
je = K‘eo'Vg (18)
s = .
L3

Here K is the ion mobility,

The total corona current le is given by

le = 2u|jrdr . (17a)

From Eq. (15a),

dr d

Eﬁ cost g (17b)

I¥ we substitute Eq. (15a), Eq. (15b}), and Eq. (17b) into
Eq. {(17a) we have,

d
cost ¢

le = En]306055¢ d tang

—awd'IJocos'¢ d(cosg)} . (17¢)

O
L1}

I¥f we substitute d for L in EqQ. (16} we



20

obtain Jo which we now use in E£q. (17¢) to
obtain the total point-to-plate saturation corona
current lg &

600
KEoVq

lg = -2mak —E%—ﬂ—cosiﬁd(cosﬁ)
)

2KE oV o
Is z———-‘la-g—- . (17d)

Observed current densities or currents in excess of
Eg. (17d) invariably imply either ions (electrons} of
higher mobility than anticipated or bipolar conduction
phenomenon i{ike streamers.

2.3 Nature of Corona wWind

The equation for the electromagnetic forces in a
gaseouS dielectric i35 analyzed. A dominant term is
deduced. The hydrostatic equilibrium condition is
studied during corona. The conditons for breakdown of
the hydrostatic equilibrium are summarized. The Navier-

Stokes equations of motion are deduced for the corona
wind, Bernoulli energy equation along a streamiine is
deduced for the corona wind. Also an expression for the
etectrokineti¢c energy conversion efficiency in corana
discharge is deduced.

2.3.1 Electric Forces
It is possible to write a single general expression

for the forces of electiric origin in a dielectric

medium. The total force per unit volume is [62, 63]
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. a
f = JxpH - ¥y %V[H?pm_g ]
3Pm

*PE - HEWeE 4 yT[Ef ngipm ] (18)
Here J is the free current density inh a dielectric
material, I is the permeability of the medium,
H is the magnetic field intensity, [o] is the
free charge density, E is the electric field
intensity, € is the electrostatic permittivity,
and fm i s the mass density of the medium,.

The first and fourth terms are recognized as the wusual
free current, and free charge force densities. Their sum
is the Lorentz force equation. The second and fifth terms
are the Korteweg-Helmholtz polarization force 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 s
negligible,. Therefore the first term is neglected. The
variation of magnetic and electrical properties due Lo
temperature and composition variations of gaseous
dielectrics is negligible. 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 permeability
[T of air have values close to unity.

The only significant force density is due to the
free-charge Coutomb forces. Eq. (18} simplifies to

f = pE (19)
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2.3.2 Hydrostatics

The hydrostatic equation which is applicable in a
perfectly symmetrical c¢orona discharge configuration for
instance in a cylindrical geometry where no
electrical wind is genherated is

F= Ve (20)
Where 2 is the volume force transmitted by
collisions of ions with neutrals, and p is the

generated static pressure gradient which balances the
electric volume force density.

I¥f we resolve Eq.(20) in only one dimension it
simplifies to

fK = dp/dx (21)

From Eq. (19)

‘Fx = pE

. Pui

K
= j/K. (22)
Where p is the charge density, u; the
ion drift velocity, K the ion mobiltity, andg J

the ion current density.
Combining Eg. (21) and Eq. (22)

dp/dx = j/K . {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 cylinder corona geometry where a hollow
presure profile would be formed.

The necessary condition for the fluid to stay at
rest s that Vxf equals zeroin the whole region, in a
peint-to-plate corona discharge this condition is not
fulfilled due to lack of symmetry of the discharge., Wwe
find that vxf = 9¢x(pE) = pVXE + (yp)xE X 0. The
factor (vp)xE i85 not zero especially at the boundaries
of the discharge. [64)]

2.3.3 Hydrodynamics

A disturbance of the hydrostatic equilibrium will
result in a flow 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 voitages.

Let us consider the corona wind, For simplicity it
is represented by a two dimensional laminar flow as shown
in Fig. 5.

y 6, cathode (point)

streaml ines

anode

- (plate)
L —— :=_%-

Fig. 5: Two dimensional taminar flow of the

corona wind
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We shall consider the flow to consist of a boundary layer
in the mixing region, [65] where viscosity may not be
neglected, and a c¢entral core in which we may neglect
viscosity.

The Navier-StokKes equations of motion applied in
the central core simplify to

bu
pma? = fy.
Dv
Pmpy = Fre (24)
wWhere D/Dt is the hydrodynamic differential
operator, u is the air velocity parallel to the
X—-axis, v is the air velocity parallel to the
y-axis, Ty is the Coulomb force density parallel to
the x-axis, and fy is the Coulomb force density
paralilel to the y-axis and Pm is the air mass

density. The continuity equation reduces at low and
stationary air velocities to the condition

du dv
— %+ — = O {2%)
ax dy
I+ we neglect fy, Eq. (24) reduces to
Prmu du = ¥
mtax T X (26)
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Iintegrating along a streamline over a distance

with the assumption that at x = 0,
and if we use n as a dummy variable
left hand side below, we have
U d
pmndn = | fdx
o] e}
Pm - UE
Eﬂm = fx'd

In other words the directed motion Kinetic energy

along a sireamline equals the work done by the

force along that streamline.

Combining Eqg. (22) and Eg. (27) we
see that
pm-u? _ J.d
2 - K
At the plate we may say that
. t A f
Pm Yay 5 <
2-d K
wWhere Ugye is the spatially
velocity of the corona wind in the central
crogss-section area A, and d

distance between the cathode and the plate.

that, the average velocity in the central core

d

u = QO
in the
(27)
gained
Coulomb

immediatety

averaged
of
the

core

is

1t follows

is
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with

2-d

In fact the wind blows over a larger area because
of the viscosity forces which drag the surrounding
air atong 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 s
neglected.

In the mixing region outside the core, the effect
of viscosity is dominant. The Coulomb force density
y is negligibie, Since the whole medium s at
atmospheric pressure the Navier-Stokes equation of motion
takes the form

du alu & u
u--— = V- —_—
dx ax? ay'
Here v is the Kinematic viscosity.

I¥f we assume that the fric¢tional force dragging the
surrounding air is a fraction of the electrical
driving force for the central 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
similarly be deduced to be

Ugyo = dg - ag flc )

where Ugvo is the spatially averaged
corona wing velocity in the outer region andg ag
is a constant.

The corona wind velocity averaged over the entire

area may therefore pe denoted by

29a
Ugy = @ 8¢ f'c ' ¢ )

Here Ugvy is the spatially averaged corona
wind velocity and a is a constant.

To determine the space charge limited c¢orona wind

velocity we substitute ls given by Eq. (17d)
for fe in the above expression. The average
space charge l1imited corona wind velocity
Usvs ts therefore denoted by
! 1
Uayg = 8 2d ' 2K€0VE

PmKA d

€o

emh

This equation indicates that for practical

parameters €y = 8.85x10°12 r/m, Pm = 1.293 kg/m3,
A = Bx10-4 m , and Vg = 20 RV velocities of the

order 3.7 m/s should be expected.
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2.3.4 Bernoulli Energy Equation
Bernoulli’s energy equation along a streamline takes
the form
o] pg - U = Constant, (30a)
where U is a scalar function whose gradient

represents a conservative force acting along the

streamline. In our case this force is given by the
Coulomb force density, since we neglect gravitational
force, magnetic force, and electric polar forces,
Bernoulli equation now takes the form
Pm - ut 2
p + - -
2 I?de = Constant, (30Db)

Since the ambient pressure impresses itself on the jet,
P is constant along the streamline and is equal to
the ambient pressure.

2.3.5 ElectroKinetic Energy Conversion Efficiency

The efficiency with which electrical energy ts
transformed into directed motion in the drift region of a
corona discharge may be estimated as follows:

The total work done on an ion in traversing the drift
region is given by

W, = e[de % eEd.
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A large part of W, ends up as random Kinetic
energy (heating) of the gas molecules) to calcutate what
fraction of Wi is converted into directed
Kinetic energy we consider the momentum equation.

The momentum gained by the air medium due tfo

collisions with this ion is
A(mu)gas = let.
dt
= e|E—dx
dx
E
= e|—dx
_ ed
oK
Here m is the mass of air moving with velocity
u due to the force F which acts on the
air mass. The force F acts directly on the
ion, but is completely transferred to the air mass,
because the ion comes to a steady drift velocity in

the bDackground gas.
The Kinetic energy gained by the surrounding air in
its directed motion is
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ed
A(ymut ) b4 x-—E~u .

The electrokinetic efficiency therefore is

r ¥-e d-u/K
e-E-d
u
8% — (31)
U
The electrokinetic efficiency is very low, since u; =
200 times u. Most of the energy in the drift region

is expended as heat and some energy is expended in

mnejastic collisions in the ionisation region.

In liquids where ions experience much more
friction uj and u are approximately
equal. Clearly floaw is generated more efficiently in
that case. However vrecause of low ion mobilities in
tiquids, the space c¢harge limited currents are very
small which stitl make the resulting fluid velocities

small.
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CHAPTER III EXPERIMENTAL MEASUREMENTS

3.1 voltage-Current Characteristics of dc Corona

Voltage-current characteristics of a point-to-plate
geometlry and an electric wind system {EWS) are
determined. Current measurements are made to determine

the relative magnitudes ¢of c¢corona current to the wires

bw and the corona current to the plate |p in an
EWS. Some time rescolved measurements of these currents
are made. Equipotential line 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 will be correlated to
other diagnostic measurements like velocity and heat
transfer measurements. The EWS employs a multi-point
comb as the cathode and two grounded wires as the anode.
wWith such an electrode configuration a heat transfer
surface may be positioned behind the wires at some
distance from the cathode,

3.1.1 Principles of Measurements

The time averaged voltage-current characteristics of
the EWS are determined by use of a circuit shown in Fig.
6. Yoltage-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 applied to the comb
(or to a single point) by a Wallis type power supply
rated at 0-30 KV, 0O-1 mA, via a 2 MQ current limiting
resistor, A 4000 pF, 20 KV dc smoothing capacitor is
connected in parallel with the d¢ power supply circuit,
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Yoltages are measured by a highly accurate Singer
electrostatic voltmeter with four voitage ranges, 0-5,

0-10, 0-~-256, and 0-50 KV. The time averaged corona
currents are measured by sensitive Keithley
electrometers Aw and Ap, type 610B and 610C with
current ranges down to 1t0-14 A . The current meters

are connected in the ground connection of the wires and
the ground connection of the plate.

40 mm
S ™ com
(# % i |
dw %00
Y (B C ]
q) wire
l Sw ‘ dp P 5
P!at:

Fig. 6: Experimental circuit to determine the time
averaged currents (l¢.,ly,Ip) vs gap
voltage (vg) characteristics of the EWS.

X Cathode: one poiri or a muiti-point

comb,
Y = Anode: two grounded wires,
Z = Anode: grounded flat plate.
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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 KR resistors. These
voltages are fed into the input stages of a dual beam
Tektronix oscillioscope type 556 having a frequency respo-
nse of 0-20 MHz. The itnput c¢oaxial cable to the
oscilloscope has a characteristi¢ impedance of 50 ¢,
which means that parallel to the 10 KR measuring resis-
itor a capacitance of inoo pF is present, where

é is 1the length of the coaxial cable, in order to
determine the corona current waveforms in a point-to

piate geometry the wires of the EWS are removed.

-ve d¢ voltitage

10 K&Q
10 KQ

9 o —

|
}
|
|

ip g iw
To dual beam

oscilloscope

Fig. 7: Experimental circuit to determine the corona

current waveforms iw(t) and ip(t).
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3.1.2 Experimentail Results and Discussions

Fig.8:

——
<L
Xwo
H’ e dw=23mm
- o dw:.—la mm
+dw=33mm
120+ o d=38mm
80+ [
40F
1 1
o] 8

iy CRY)

Current (ly} vs gap voltage (Vg)
for EWS.

Spacing betlween wires Sy = 10 mm,
Distance between
cathode and plate dp = 83 mm.

dy = Distance between cathode and wires,.
The cathode has 15 pzints.
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EWS
inag SUI 10m
< [* Sw = 30mm
<R |e*® Sur40nm
—

!
NE ot plate /

L—--- s 49 mm
—y —— ta‘ﬁlﬂ

Fig. 9: Currents (ly and Ip) vs gap voltage

(Vg) for EWS and point-to-plate geometry.
EWS:

Distance between

cathode and wires dy = 36 mm,
Distance between

cathode and plate dp = 49 mm.
Sy = Spacing between wires.

The cathode has one point.

Fig. 8 and Fig. 9 show that the current to the
wires «can still be approximated by the classical corona
current equation of Townsend, Eq. (11).

From Fig. 9 we see that the current to the plate
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Ip i a very small proportion of the corona current
e Most of the corona current is collected by the
wires. The smal] 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 Ay, Sw or dp results in a
change of the repetition frequency of the Trichel pulses
I according to Eq. (9) and because aglso the
geometrical factor c changes in Egq. {9). A change
in nn results in a change of e according
1o Eq. (7).

___n___,-————a—*""‘_-‘-_- K?B;b

oint

‘Eoo-fas\

o))/‘\\

A&

Pla‘tQ"‘--—.

/

©%)

point-to-plate geometry Ews

T e

Fig. i0: Equipotential plots at 5 percent steps,
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From the piots of equipotential lines in Fig. 10 we
see that the wires strongly modify the configuration of
the equipotential line distribution of a point-to-plate
electrode gap. Most of the field 1lines 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, compare the space charge 1limited
currents of Eq. (16},

Lw

-“/k/\/\/‘(/ °
N

<o L? -5
-80 | | i | 1 1 1 ] | %
———Time (apusfon) —=
Fig. 11: Corona current waveforms (iw and

ip) of EWS.
The cathode has one point only.

The oscilltograms of Fig. 11 show the already
discussed Trichel pulse current waveforms i w and
ip- The current ip is due to the capacitive
coupling between the wires and the plate. The fast

Trichel pulse is only measured with a poor frequency
response because of the cable capacitance paralle)

to the 10 K2 measuring resistors.
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3.2 Pitot-Tube VYelocity 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 Principltes of Measurements

Bernoullti’s equation along a streamline, Eq. (30b)
reads
Pmu?
P+ > - lpde = Constant ,

in which the dynamic pressure i$s

Pmut

z ——, 32
Ap 5 (32)

Since the Pitot-tube is positioned behind &a grounded
grid, the charge density distribution P
is zero near +he plane where the velocities are
measured and therefore the last term on the left hand
side of 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 Pme is the density of the fluid in tne
manometer wused with the Pitot-tube, g is the

acceleration due to gravity, and hp is the difference
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in the ievels of the two fluid cotumns in the manometer.

water is used as the manometric fluid.

Therefore
0 = c-Ap
- Pm ’ (34a)

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

_ [ 2Pms-g-hp

u = .
ﬁJ o (34Db)

The spatially resolved velocity distribution may be

ocbtained 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 a3 grid is used instead of a
solid plate for the anode, The grid has square wire
meshes of 59.17 percent optical iransparency.

wWwhen 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/D04-1)/u + 0.5(1/002-1) . (35)
Here X(percent) is the resistance coefficient
of the grid, Dy{per unit) is the
optical transparency of the grid, and uim/s)

is the velocity measured behind the grid.
The corrected dynamic pressure Ap which has
to be used in Eq. (34a) is therefore
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ap

[H

Apm
dynamic pressure behind the grid,

X A
10o| ~Pm:

where is the measured value of

3.2.2 Experimental Results

t

he

Fig. 12 shows the spatial distribution of the corona
wind velocity for several cases. Fig. 13 shows a
normalized spatial distribution of the corona wind and a
comparison is made with the Warburg's currenit density
distribution | aw given by Eq. (15}, for a point-to-
plate geometry.
[ [
5 point-to-plate geometry
AN dp = 35.7 mm._
J —O—O0—0O- Vg = =15 KV.
}\ XN Vg = -18 KV.
“ 1 _.v__v_v_ Vg - -20 kV.
[ § EWS: dy = 20.5 mm,
o \ dp = 35.7 mm,
Sw = 40.0 mm,
——0—F Vg = -20 KV.
3 — —e
! #— :
——, #
s /¥ \' |\
3 AR
> ‘ﬁ I;J
\
v \
dl /ﬁ
1 o _V\
14 N
/] M
\
40 20 0 20 W r(mm)——
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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Aﬁoinf-to-plate geometry

TN
\

\ké<3 warburg’'s current law

i \

-20 kY, dp = 35.7 mm
-30 uA

"

08

\:‘9\

04—

} /? \i\

0—60 -40 -20 0 20 40 60

——
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Fig. 13: Normalized corona wind velocity [u{r)/u(0)}]

vs angular displacement (g) at the anode.

A comparison is made with the

current density distribution 1aw.

wWarburg’s

The air mass flow rate M due to the corona wind

can be estimated from the eguation

®
M o= Eupmlru(r)dr . (38)
(o]

The number of air molecules

Ng crossing
a plane normal

to the flow per sec may be deduced from

(37)
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Where the average molecule in air has a mass My
calculated from the equation

Ma = (0.8-28+40.232) -1.67252 10-27 kg

Here it is assumed that air c¢onsists of 80 percent
Nitrogen with atomic weight 28, and 20 percent Oxygen
with atomic weight 32.

The number of negative ions c¢rossing a plane normal
to the air flow per second may be found from

Here e is the electronic charge,
An approximate value of the Kinetic energy
W, possessed by the corona wind c¢can be calculated

from the equation

©
Wa = %0 -2[nr-u3
m : {(r)dr (38)

Here the velocity distribution u{r) is determined at
the position of the plate.

From Eq. (38) an electrokinetic energy conversion
efficiency I, can be deduced as follows:

1007z, (39)
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i S the electrical energy dissipated in the corona
discharge per second

A comparison of some hydrodynamic parameters and
electrokinetic energy conversion efficiency is made
between a point-to-ptate geometry and EWS when the
applied gap voltage Vg equals -~20 KV in
Table I. The data is obtained from Fig. 12,

TABLE I: EXPERIMENTAL RESULTS

Electricai Hydrodynamic Electro Kinetic
Parameters Parameters Conversion

Efficiency

Point-to-plate M = C.0057 Kg/s
Geometry Naz 1.19x1083/s

= 35. - . Wy= 0.0076 J/s
-30.0 Unax = 3.9 m/s

M = 0.0108 Kg/s
-20 KV Na= 2.25x1023/s
3.2x1014/s Jwy= 0.0351 J/s
1.03 W Unmax = 4.7 m/s
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3.2.3 Discussion of Experimental Results

For the same applied 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 J(lc¢)
as stated in Eq. (29a), the increase in the magnitude
of velocity distribution generated in an EWS can be
directly correlated to an increase in
le as has been explained in section 3.1.¢2.

From the graphs of Fig. 13 it is conciuded 1that
there is no similitude between the velocity distribution
function and the wWarburg’s curtrent density distribution
1aw. Apparently the correlation between current and
wind velocity 15 more complicated.

From Table I we see that for the same applied gap
voltage an EWS generates a higher air mass flow rate

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

geometry. The higher air mass flow rate and Kinetic
energy in the EWS correspond to the higher corona
wind velocity which it generates. The electrokinetic

conversion efficiency of such an EWS is also raised {rom
about { percent to the order of 3 percent. The
modification of the electric fieltd configuration in
the EWS geometry as shown in Fig. 10 may result in
complex dqualitative and quantitative c¢hanges of 1the
discharge characteristics.

QOur c¢alculations snow that for every ion there are
about 6.4x10% neutrats 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 55d01. The smatl gsize of the anemometer
measuring probe should give a better spatial resoclution
of the velocity distribution than the Pitot-tube
velocity measurements. The anemometler also can measure

turbulence intensities with a frequency of up to 100 KHz.

3.3.1t Principles of Measurements

Anemometric velocity measurements [69-T72} are

based on a measurement of the convective heat l1oss from

an electrically heated metallic wire, which acts as
a sensor. The anemometier measuring probe is shown in
Fig. 14,

electric contacts

@/// [/ /f)
W'Z pmngsf/ me:\:/shee/t/) ‘5\

cerami¢ body

Fig. 14: Constant-temperature hot-wire anemometer

probe.

Hot-wire anemometry relies on the fact that the
electrical resistance of a metal conductor is a function
of its temperature. The essential part of the hot~-wire

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 veilocity in the
neighbourhood of the element. This cooling 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 A The
resistance of the hot wire sensor is given by

Rp = {1 + AR,
= (1 + BeAT)R, . (40)
Here Rg is the resistance of the sensor at
ambient temperature. The temperature coefficient of
resistivity of the sensor wire is B8, and AT

is the temperature difference 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 lifetime is shortened because of its
higher evaporation and oxidation rate, For this reason
the overheating ratio in commercially available hot-wire
probes is not chosen above 0.8,

The hot wire sensor s mainly sensitive to
velocities in a plane perpendicular to the direction of
the sensor as shown in Fig. i5. 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 a8 non-linear
function of the wind velocity. The output signal follows
from the following formuta,

- K
Va VO + Beu (41)

The output voltage of the anemometer 18 denoted by
Va and Vo is the output voltage with zero wind
velocity. The wind veicecity is denoted by u, while
K and B are constants, The value of
K is approximately 0.5, it follows that

(Va = Vo)’ = B eu (42)

It may be necessary to eiectrically 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 EwWS which is drawn by the probe.
This probe current may generate additional wind or
disturb the velccity boundary lavyer around the probe.
This problem is in fact a part of ocur 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 biock diagram of the experimentatl
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, vy , 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 additionatlt low pass filiter, The x-t
recorder is inherently slow.

w1
0 recorder
eleciri¢
wind system anemometer
| rd

e ? “lunit

with (EWS)
supply

probe

dec
P voltmeter

M

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 apptied 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
Xp of 30 mm. The configuration of Fig. 17 is also
used for measuring time averaged wind velocity profiles,
The probe is then situated at a fixed value of

%
p
and can be moved in the Y or z directions.
‘§ point
/
Y p— v Idw = 30 mm

|
Sw = 30 mm '
._-—-—/-— I

Fd

- &

— 5

/%/ Xp
i x

grounded. b i —— e e —
wires
T
probe
Fig. t7: 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
(V3=Vo)?' . This quantity is used because it is a direct
measure for the wind velocity u according to
Eq. (42).

Fig. 18 shows a plot of (Va-Vo!f versus the
applied voltage Vg 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 1o
provide an extra electrical shielding of the probe,
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Vv overheating ratio = 0.7

O overheating ratio = 0.8

Fig. 18: Graph of (Vz-VYo)' versus applied point
voltage Vg.

Probe coordinates xp = 30mm, vy = z = O.

In Fig. 19 the quantity (Vz-Vo)f is plotted
against the displacement in the z direction at a
zero value of y and four different values of the
distance Xp -

In Fig. 20 the quantity (Va—vo)a is plotted with
the probe dispiaced in the Y direction at a
zero value of pd and the same four different
values of the distance Xp.

In both these cases, the applied voltage at the

cathode is -16 KV, the overheating ratio chosen for the
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probe is 0.7,

and there was no need

to
shield the probe.

to the z-axis.

electricalily
is directed paraliel

The probe senscor

-5 -

g . o4% 8 o okt

oo a4} >

> 2 o 120
>O’ ? xp - mm
1

m a

= z

Z  (mn)

Fig. 19: Graph of (Va-vg)’

versus the
displacement Zz for an EWS
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Xp * 120 mm

= T Xp = 90 mm
§ i >
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- > 02 4

o = S Emmma o 2-6 ¥ "
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Fig. 20: Graphs of (V3-Vo)° 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 appiied gap voltages for applied gap voltages
much higher than the corona inception voltage, This
indicates that the average velocity of the corona wind
is also directiy proportional to the applied gap voltage
which is in agreement with Eq. (29b).

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

has a small 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
profiles in the z-direction are similar for different
Xp while the velocity profiles in the vy-directions

are not because the wires disturb the flow and create
wakes. The velocity profiles in the y-direction are
wider than those in the z-direction due to the
configuration of the electric fieid 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 c¢ross 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 Visualization by Schlieren Measurements

Schlieren measurements were performed to visualize
the flow Ffield of the corona wind,. Very short time
exposure pictures of the corona wind were taken. The fast
photography schlieren technique should give more
information on the structure of the corona wind. For
comparison schlieren pictures of a mechanically generated

jet were also taken.

3.4.1 Principles of Measurements

A conventional Toepler schlieren system [73, T4)
with high speed photography was emplovyed, A Nema
tiectronics nanolite provided the point light source

supplying a divergent beam of light which is <c¢ollimated
by a 10 cm diameter lens of focal length 100 cm. The
parallel beam of light was directed through the test gap
to a schiieren head lens of 10 c¢m diameter and 100 c¢cm
focal lengtih, The long focal lengths of the schlieren
tenses are necessary to permit longer ijengths of the
corona wind under investigation. A "kKnife edge”" was
positioned in the focal plane of the schlieren head lens
to obstruct a part of the light source image, A  narrow
black line on a transparent photographic plate was used
as the Knife edge. A mirror was used to reduce the length
of the setup due to limitations of space. The Toepler
schlieren system is shown in Fig. 21.
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MIrror nanolite
lens
; HV source
knife edge— HV dc for nanolite
camera lens
video v video
camera monitor - recorder

Fig. 24: The Toepler schlieren system for the

visualization of the corona wind.

The nanolite provided a very short duration light pulse
of 700 ns , with a risetime of 50 ns. The nanolite has
its maximum light output in the wavelengths between 400

nm and 650 nm.
To take short time exposure photographs , a Nikon
camera and objective ilens of focal iength 8.% c¢cm was

used. A very short duration exposure picture was made by
leaving 1t1he shutter of the camera open and allowing the
nanclite to flashover once. The schlieren image is formed
on a very sensitive photograhic film, type AGFA Scopic
RPI, which is very sensitive to the green and blue ltight
emitted by the nanolite,

A Philips video c¢amera coupled with a Nikon
objective 1lens of focal length 10.5 c¢cm was used in
making photographs of the corona wind on videotape. A 50
Hz high voltage source was wused to flashover the
nanolite.

The schtieren pictures were recorded on a 19 mm U-
Mati¢c KCA-30 video cassette. A Sony 750 m video recorder
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was used. The schlieren pictures can be observed on a
Philips 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 film.

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 i8 drilled at the tip of this cone |, A needle of
less than 3 mm diameter , connected to a HY supply can
be supported along the axis within the cone. This
structure allowed the superposition of some corona wihd
on mechanical wind,

Experiments are carried out on a point-to-plate
geometry and on an EWS. tn both instances the cathode
had only one p¢int. 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 density variations in the corona wind.
wWithout this additional heating system the corona wind
velocity was found to be too ltow to generate discernible
optical disturbances.

needle

Fig. 22: Nozzle for mechanicaliy generated jet.

if the Knife edge in front of the camera lens cuts
off a part of the light source image, the light intensity
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on the photographic pltate will be reduced. Let
n be the reduced width of the light source image and
aAhy be a small increase of the width due to an optical

disturbance in the test field caused by a density
variation there. I¥ the light source image is assumed to
be constant it can be shown that the photographic plate

will show a relative light intensity change

av A (43)

v hy
tn the above equation v is the wuniform 1light
intensity at the photographic plate without any optical
disturbance in the flow field, and Av is the 1ight
intensity change caused by air density variations in the
flow field. It may be shown that , if the light beam is
in the direction V4

Av _ ¥ |9n dy

v  h)faz ' (44)
where ¥ is the focal length of the schlieren
head lens, and n is the refractive index of the
test medium,. The fiow field boundaries define the

timits of the integral along the light ray in the above
equation,

A schlieren system can be used for qualitative,
[T5-80] as well as quantitative [8t-89] measurements
of gas flow. However the former onty are performed in
this work due to the unretliability and difficulty of
making guantitative studies, Problems are the
aberrations in the imaging of the light 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 Resultis

Fig. 23 and fig. 24 show pictures of a corona
wind taken by the fast photography techniqgue,.

support

plate
Fig. 23: The corona wind in an EWS,
dgy = 15 mm, dp = 73 mm,
Vg = =17 KV, Sw = 20 mm.
Fast photography technique. Instant t.

The two wires are perpendicular to the
plane of the picture. Together with their
supports they give a black outl ine.
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plate

Fig. 2gd4: The corona wind in an EWS, as Fig. 23,

now at a different instant.

Fig. 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. dp = 73 mm, Vg = -30 KV.

Pictures taken from TV monitor screen.
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Fig. 26: Corona wind in an EWS:
dy = 15 mm, dp = 73 mm, sy =15 mm,
-20 KV

Vg
Pictures taken from TV monitor screen.

Fig. 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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plate

Fig. 27: Mechanical wind .
Picture taken from TV monitor screen.
Setup as in Fig. 26.



63

-

plate

Fig. 28: Corona wind superimposed on
mechanical wind. Setup as in Fig. 28,
Same mechanical wind overpressure.
Picture takKen from TV monitor sc¢reen,

3.4.3 Discussion of Experimental Results

Schiieren pictures in Fig.e3 to Fig. £6
indicate that the corcona wind jet is basically taminar.
However the corona wind jet wiggles about laterally

presumably due to boundary condition variations at the
electrode surfaces.

Fig. &7 shows that a mechanically created jet from
an orifice is turbuient.

Fig. 28 shows that corona discharge superimposed on
a mechanical wind makes the mechanical wind less

turbulent.
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tn schlieren measurements flow visualization is
onty possible in regions which have large enough
density vartations. 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
schlieren pictures therefore indicate that the
corona wind is a narrow jet which is not the
case when we compare with the Pitot-tube and the
anemometer measurements. It became therefore

desirable to use another visualization technigue
which could show the entire flow pattern. This
technique is outlined in the next section.

Even though the schlieren measurements show
onlty the central part of the flow, we may
conclude from the fairly stable behaviour of
that central part that corona wind tndeed

produces a fairly stable flow pattern.
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3.5 Flow Visualization 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 trails into the corona
wind visualizes the flow more faithfully,. It is8 shown
in this study that atthough the carbon dioxide
generated mist particles acquire charge from the corona
discharge their motion s not much affected by the
etectric field of the discharge gap, and can
therefore be used to follow the fiow of the air. The
flow pattern of the mist trails 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 published
elsewhere and appears as an appendix.

3.5.1 Experimental Results

Four possible viewing directions are possible as
shown in Fig. 29.

|
L]
§mmo =] :
5
viewing girection —J
a b c d

Fig. 29: Four possible viewing directions . The mist
is flowing as separate trails from the
ficles in the mist generator (three holes
shown in this figure).
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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 dw = Sy = 30 mm. A voltage
of -20 KV is applied to the point,

Fig. 30: No voltage applied 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 KY ,
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Fig. 33: 1.67 s after switching on -2Z0 KV

Fig.34: 2.%50 s after switching on -20 KV .
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#

Fig. 35%: 3.32 s after switching on -20 KY ,

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 line at the top of fig. 37T. The

white circles are holes in the perspex device supporting
the EWS. The ceonfiguration of the EWS is still the same,
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Fig. 36: No voltage applied 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 onily one mist trail was carried in by the air

flow coming in through the orifice,.

Fig. 38: Mechanically generated jet

Fig. 39: Corona wind sumperimposed on mechanicatlly

generated jet . Steady state.



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 betlow the wires
is & 31 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 bell shaped with an accentuated
peak along the axis of the EWS or point-to-pltate
geometry. At higher air velocities the mist becomes less
dense because of the quicker flow off of the water vapour
droplets while the supply rate is still the same.

From Fig. 35 we deduce an envelope for the corona

wind air flow as shown in Fig. 40,

/ Pomi
qreunded
_ witt
]
T B

Fig. 40: Corona wind flow field from viewing
direction d of Fig. 29.
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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.

point

grounded
jet wires
formation

zone

Voo

—

flow 1 1Nnes
/)N

Fig. 41: Corona wind flow field from viewing
direction c of Fig. 29.

Carefu)l study of the video tape reveals that it
takes generatly less than 0.8 s for the fiow to respond
to the applied veoltage. At voltages below the c¢orona
starting voltage no effect on the mist flow is
observed. This proves that the electromagnhetic peolar
forces indicated in Eq. {18) are negligible or we can
equally conclude that the corona wind is due to the
momentum transfer between ions and neutrals caused by
Coulomb forces on 1ons.

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

Fig. 42 shows a sketch of a mechanically generated
Jet. Theoreticaliy a8 mechanically genertated jet
becomes turbulent when the Reynolds number is g¢greater
than 2100. In practice taminar free jets originating

from an orifice cannot be produced f91]. This K-
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because the edge of the orifice introduces initial
disturbances that grow and eventualily make the jet a
turbutent one, In Fig. 42 the growth of the disturbances
introduced at the edge of the orifice is shown.

// /// 1A/ /
249 \origin of the

disturbance

growing

disturbance

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

The opening angle of the mechanically generated jets

is about 249 1921. The forces exerted by the
wall 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 profile within the discharge gap.
wWhen 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 c¢hance to create a laminar free jet.
Indications for the existence of a laminar free jet are
in the figures and the small c¢ross section of the
velocity distribution.

when the jet has travelled past the grounded wires
the velocity profile decays slowly because turbulence
starts to develop here also. stnce the growth of this
turbulence takes time, the spread in the flow
remains fairly small.
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3.6 Heat Transfer Measurements With and Without Corona
wWind

The effect of corona wind blowing on a heat transfer
surface is determined. The temperature-time curve of the
heat transfer surface is measured when the heating
element is switched on, 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.

3.8.1 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 {70 mm x 1.5 mm. The plate was
mounted on a box made of pertinax. Heating o¢f the
plate was achieved by two heating elements conneceted in
series. Each etement is 61 Ohms, The heating elements are
placed inside the box which is filltled with styrofoam to
minimize the conduction of heat to the opposite side of

the heat transfer surface.

Power supply to the heating elementis
Pin is obtained from a 220 Vv/0-250 VvV, 0-4 A
variable transformer, Failips type. Pin is

measured by a Wwattavi type wattmeter set in the range of
i A, 100 Vv, and O - 100 W. The current
through the heating eltements lh i 5
measured by a Gossen UVA-5 type multimeter in the

range of O - t.5 A, we can say that
2
Pin = 'n ‘Rpe '
where Rhe is the resistance of the heating

elements, The experimental setup is shown in Fig. 43.
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The temperature of the heated transfer surface is
measured continuousiy. In this case use of thermocouple
probes in conjuction with digital thermometers and an X-

T plotter is adopted. The thermocouples which are used

are model 8713 type K (Chromeil-Alumel) with sensivity
of 0.041 mvV/°C [93]. The probe tips are set to touch
the heat transfer surface. The output of the
thermocoupie probe is fed to the Keithley model 871
digital thermometer, This digitatl thermometer
e / .
1 ! é//,«f comb: agch has 15 teeth
_ B 3| B
' )
dw / wire
. —-Q ) Q ¢ ¢ L4
dp [ e 4
Sw heat transfer
surface (plate)
! i _

Y.
power supply__

fin

TV ATATAA AT ST

Y

Styrofoam

thermocouple

X-T
thermometer
neating etement 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 thermocoupte probes are used. lts
electrontic uni t has an input channel with two
temperature ranges of 200°C and 1370°cC, and

analog output jacks from which continuous signal

monitoring of temperature can be achieved by using a
recorder.
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The anailog output jack of the thermometer is fed to

the Y-input ¢of the Siemens X-T recorder with a voltage

range of 0.1 my/em - 3 vV/cm and a time range of
0 - t0 cm/sec, The X-input is set to record time at
the rate of 0.0t cm/sec. The Y-input is set
in the range of 0.3 mv/cm. The obtained voltage

against time curves are converted intco temperature rise
against time wusing standard conversicon tables. (93, 941

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.

% 1l I s
- R St L 1. = 0.6 A
2 Y - £ "
-+ "*‘ —— Lt —r=L lh = 0.5 A
60 # —
A P
ho ‘A °
T L
4K
20+
N4
oV
-7 fwo* 1!‘3‘& .
—_—>  t(s),

ih = 0.8 A, T = RA0 S.

Ilph = 0.6 A, T = 550 s.

lh = 0.7 A, ¥y = 760 5.

Fig., 44: Heating curves without ¢corona wing.

Ip = Current through the heating elements.
The heating elements are switched
on at t = 0.
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dy = 38 mm, Vg = -20 KV.
— p - ! _ _ A
O T sy =15mm, lp = -0.2 VA
~ 801 . tp = 0.7 A
/
- R T
; L
60 - [’4- Ih - 0.6 A
A l -
/ | - —
40 ’ l,n” . oy
i / /, “--..____ |h = 0 5 A
014 :
)78 '
ry. 0 1
0 | 1! | ,
s axip® 3x10
—_— t(s)
Ilh = .5 A, T = 340 s,
th = 0.6 A, T = 340 s,
ih = 0.7 A, T = 280 s,

Fig.4%5: Heating curves with corona wind
Figure 46 to Fig. 53 are some of the measurements
which show the effect of varying the arrangements
of the EWS components on the heating c¢urves of the
heat transfer surface,.
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dy = 33 mm, Vg = -20 KY, T = 290 s.

dp = 93 mm, |w = -270 UA, lh = 0.6 A,

sy = 15 mm, fp = 0.0 pA.

Fig. 53

The temperature rise of the heat transfer surface

can be expressed by a general type of a differential
equation
dAT AT (45)
z g — * .
J at b
wWhere J, a, and b are constants which will
be defined later and AT is

the temperature rise of the plate at time t.
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A solution of Eq. (4%) is

AT = J-b- (1 - e-t/aby

After substitution of

It follows that

AT = .J'b-(1..e—t/'r) (46
)

where b 4 is the time conhstant,
Let Pin be the constant power input to
the heating elements which is whotly transferred to the

heat transfer surface in wWatts, and tet Rth
be the thermal resistance of the solid gaseous interface,
which is determined py the convective heat transfer
coefficient h, according to

Rth = 1/A-h

(47)
Let also m be the mass of the heat transfer
surface, and Ch be the specific heat

capacity of the heat transfer surface.
{f we assume that only a negligible amount of heat

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

Pin = ch-m'Eél s 2T . (48)
dat Ren
Therefore,
AT = Ryp Pin (1-e-t/7) . (49)
with

T = Ch'm'Rth

At steady state Eg. (48) reduces to

o AT
in - 5
Rin
I¥f we substitute Eq. (47) in the above expression,

we obtain

Pin = A-h-AT , (50}
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Eag. (50) can be rewritten as

p.

h = in

A-AT
Keeping Pin and A constant,
and denoting the convective heat transfer
coefficient with no c¢orona wind as N
and the convective heat transfer coefficient with
corona wind a8 he, we see that

P.

hp = in

ALAT,
and

P:

hC - AN

A AT, (51)
where ATH 1S the steady state temperature
rise of the heat transfer with no corona wind
directed at it, and AT,
is the steady state temperature rise of the
heat transfer surface with 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

he - h

= = -i-a——"woo percent

n
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or alternatively,

AT, - AT,
Z z ———— 7 - 100 percent . (52)
AT,
The experimental results of Fig. 44 to Fig. 53 are
summarized in Table II.

TABLE II: Summary of Experimental Results

T with corona

wing®¥

percent (s)-1

0.5
0.6
0.7
0.6
g.6
0.6
0.6
0.6
0.6
0.6
0.6

* from Fig. 44,

% ror values of v with no corona wind see
Fig. 44,
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3.6.3 Discussion of Experimental Results

From Table II, we conciude that corona wind has a
significant influence on heat transfer at a solid 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 40°¢C
are recorded. The thermal time constants for heating up
the heat transfer surface are also reduced by up to €5.4
percent. It must be mentioned here that the degree by
which the corona wind enhances heat transfer from the

heat transfer surface is dependent upon the Ffollowing

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!l convection may be augmented by corona wind
or hindered by it. when the heat transfer
surface faces upwards, the natural convection driving
force acts upwards. The convective heat transfer
coefficient due to natural convection is substantial in
this case,. Corona wind when applied, creates heat
convection cells,. when the heat transfer
surface faces downwards the driving force in
natural convection acts upwards and the warm
air can only move sideways. The convective heat

transfer coefficient due to naturat convection is lower

compared to the previous case. Therefore the
application of corona wind will 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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ln this case when corcona 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 wing is applied in an oven there is a
constant driving force which depends on corona

current only. Therefore equalisation 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 linearly with

increasing temperature difference with the ambient
as is implied by Eq.(3). At higher absolute
temperatures of the heat transfer surface
radiation becomes more gsignificant,. From
Eg. (2) the net heat lost by radiation is given by

AIr = o(Tpd - To4)

(53)
Here Anr I8 the net heat which is radjated
away by the heat transfer surface, o] is
Stefan’s constant, Tp is the absolute
temperature of the heat transfer surface and
Ta is the absolute ambient temperature. The
general dependence of the enhancement of heat
convection on the temperature of the heat transfer

surftace has been verified by results in the first

three rows of Table I1 where it is shown that an
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three rows of Tabte II where it is shown that an

increase of the temperature of the heat transfer
surface Th by onty 27°¢C reduces
the enhancement of convective heat transfer

coefficient by 56 percent,

From Fig. 46 to Fig. 53 we note that the
cooling effect of the c¢orona wind which s
directed at a heat transfer surface depends on
the configuration of the EWS. From Table 11X
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 configuration of the EwWS determines

the magni tude of the corona current according
to Eq. (11), the corona current in turn is related to
the average corona wind velocity according
to Eq. (293}, which determines the convective heat
transfer coefficient h acccording to
Eq. (%}). Secondly it is important that the wires
be positioned such that they do not reduce very
much the velocity of the corona wind in the centrail
core of the corona wind. In Fig. 5t +for example,
the wires are very close to each other and

hence diminish the effectiveness of the high c¢orona
current generated by the EwWS.
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3.7 The Corona Triode

The corona triode is studied to clarify whether

iens reaching the plate couid have an effect on the heat

transfer, In contrast to the EWS, studied up
till now, the c¢orona triode allows 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 and

applications.

catnhode -’#‘f’#’_ﬂ_,_.»~+

(point}
biased.
. \Lr__________‘__“_
grd ' ' biasing voltage
o
supp!ly
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 c¢orona triode
to measure the mobility spectra of ions produced in a
corona discharge, while Masuda et al [97] have used it

in the study of the inititation 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. Allen et al [99] have used the
corona triode to study the ionic species formed in a
corona wind. Gross et al [100] have used the
corona triode to impltant ions in thin polymer films.
Bradley et al [1013] have used the corona triode to
study the effect of temperature distribution on
electrohydrodynamic driven instabilities,

Mclean et al [102] have developed a theoretical
model which describes the electrical current transparency
De of the biased grid of a corona irjode. The

electrical current transparency ¢f the grid is defined as

o = 22 (4)
Jo

Here Jp is the current density to the anode

which has crossed the grid and

Jo 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 between the grid and the anode, the field
Eo adjacent to the grid in the corona discharge
region, and the optical transparency of the grid
Do related to the construction of the grid.
The measurements presented here show that
De does not depend on the 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 [1031.

According to Haug et al [103-106] the electrical
current transparency of the grid in a corona trioge
depends on the ionised gas velocity upstream of the grid,

the mobility of the ions, the optical transparency of the

grid, and the fields Eo and
Eg: These authors give a mathematical
expression for De which gives values that
seem to describe experimental measurements rather
well.

Oliveira et al [107] have shown that the pilate

current Ip is a space charge
limited current (SCLC) for tow grid-anode attracting
voltages and Ip is only determined
by De for higher grid-anode

attracting voiltages because the c¢orona current then
remains smaller than the SCLC in the grid-anode spacing.

These authors show further that the neccessary cut-off

voltage Vi which wiltl reduce
lp to zero is given by

v u-l i v (55)

= 1
r X f
where u 15 the corona wind
velocity, l the grid-anode  spacing,
K the ion mobility, and Vg i S
the quasi-potential which simulates the anode current
caused by field penetration through the grid,. The value
of Ve is given by {108} .
a
Ve = Eo g [+ + Lncazanm] . (56)

where a is the spacing between wires of the grid



94

and r is the radius of the wires of the grid.

This section reports on our experimential
investigation of the penetration of ions through the
grid of a coerona triode,

2.7.2. Experimental Setup.

The experimental apparatus consists df a corona
triode in which the cathode is formed by a 90 degrees
flat altuminum edge. The grid is a copper mesh of 60
percent optical transparency. To altlow 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 diskK 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, while 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-
uttaneousiy. The grid is biased by a 0-400 Vdc
power supply. The anode is grounded, and hence serves
also as a guard ring. The experimental arrangement 1S

depicted in Fig. 55. ,
4/ cathode

. _I¢ (point}

— e me— S —— leE

— _—T—-

copper disk

./
_Pitot-tube

Fig. 55: Experimental setup.
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3.7.3 Experimental Resultis

Fig. 56 shows the current characteristics for 1low

anode currents onty.

These curves are similar and
parabola-1ike,

which as observed by Oliveira

indicate
that the anode s space charge limited.
t - 3 mm, 1o = 10 pA
L = 5 mm, 1o = 10 pA
L = 10mm, 1. = 10 pA
i 4 i ] | [l A : TR § % : 4#
0 0 0 30 40 SO 60 W 80 %0 o0 [0 20 130 M0
——— .
ar 1 d-anode potential, Vgr (V)
Fig. 56: Ancde current (Ip) Vs grid-anode

voltage (Vgr)

corona triode,

characteristics of the

for three vailues of the

grid-anode spacing L Note:
) Oonly a smatll fraction of the 10 pA
corona current reaches the

measuring
disk in the ancode plane.
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Fig. 57 shows the cut-off

potential as a function of the gap spacing
between the grid and the anode.

2 20 upA
s 10 pPA
1
‘04.
1 & Iy e Iy & 4 1 L 1 1
ol 2 & 6 o 12 4 16 8 20 22

Grid-anode spacind: ( (mm)

grid-anode

L

Fig. 57: Cut-off voltage (V,} vs grid-anode gap

tength ()



(m,/s)

Ymax

97

Fig. 58: shows the corona wind velocily on axis
Umax as a function of anode current Ip.
l-6+
11
[ = 3 mm
MMt - — - - = = = = = = = = = =
104
S
084
{ - 10 mm
0461
04
o2t
+ + + + 4 + + + 4 4
0 R ™4 "6 "8 -0 -2 <14 -l6 - -20
> Anode current, |p {NA)
Fig. 58: Corona wind velocity on axis
(Umasx} Vs anode current
(lp) characteristic of the corona
triode. lg = -10 pA.

3.7.4 Discussion of Experimental

From Fig.

56 we see that for

Results

low current densities,
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the anode current I'p ts indeed a space
charge limited current. I+ we start with the
classical equations J = pU; ,

‘*v.i = 0, V.E = p/€,y ; and
use the ion motion equation
u; = u + KE ) we arrive at

the wunidimensional solution of these equations,

9KE ul -
j = v + — . (57)
- rselver + 4]

wWe can write the unidimensional sotution of
these egquations as a new expression for the
space c¢harge limited currrent in the

presence of the corona wind,

9KEo.
i = \' {58)

b7 EE e
where,

u- L
Vgc = Vgr + <

Following Oliveira the term Vgc might
contain an addditional term Vg to
describe the effect of field penetration

through the grid, That is to say
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Vgc = Vgr +

Eguation (58) represents a generalized form
of the Chitd-Langmuir law [109)

From Fig. 57 we see a linear increase of the
cut-off voltage Vi with an
increasing grid-anode spacing and corona wind
velocity as was stated in EqQ.(55). The intercept value
in Fig. 57 i 8 Vr . the quasi-potential
due to field which has penetrated through the grid +from
tne cathode.

Fig. 58 indicates that the magnitude of the current
I'p 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 small,. The
grid-anode spacing 1s aiso much smaller than the
corona gap length. The effect of current density and

spacing between grid and anode to the generated corona
wind velccity can easily be understood if one refers 1o
Eg. (23).
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3.8 Heat Transfer Measurements With Corona Triode Used
to Controtl 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 tpe heat transfer surface. The
effect of the interaction of the ioni¢ current and the
heat transfer surface is investigated and concliusions are

drawn.
3.8.% Principles of Measurements

The experimental setups are shown in Fig. 59 and
Fig. 60. The heat transfer surface is an upward facing
aluminum pltate which is heated from below by electrical
heating elements. Three heating elements are conhected
in series to the temperature controlled 220 V ac power
supply., Glass wool or/and styrofoam provide thermal
insulation to ensure that heat is only lost through the
upper surface. A narrow airgap separates the plate from
the heating elements.

I¥ the temperature of the plate is maintained
constant with the heip of thermocouples instatled in the
plate the following relation must be correct,

averaged in time

Pin = A'h- (Tp-Tga). (59)
Here Pin is the average electrical power input to the
pltate at constant temperature Tp of the plate, A
the surface area of the plate, Ta the ambient

temperature, and h the convective heat
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transfer coefficient.

| £ the temperature of the plate, ihe ambient
temperature, and the surface area of the plate are Kept
constant, ithen the average electrical power input
Pin varies directly with the convective heat
transfer 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, and therefore cancel cut.

dp
e Y s o ooe g2 325250 -

ting etement 1ef%® e we . o|% a*a"p N
hea |

. -, .

prexiglass thermocoupté >
glasswool
~J
temperature controlled clock

power‘ Supp‘ b4

Fig. 59: Experimental setup for the measurement of
the enhancement of convective heat
transfer by corona wind.
dy = 35 mm, d, = 92 mm,

S¢ = 30 mm, sy, = 12 mm,
3X Combs, each 25 teeth.

Heat transfer surface 450 X 290 mme .
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The power supply to the heating elements 18 thyristor
controlled. The temperature of the plate i maintained
constant by switching on and off complete cycles of the
ac vottage supply to the heating elements, The
electrical clock only measures the time ip

when power is supplied to these heating elements.

Therefore i i1t is assumed that the heating elements
consume constant power Pha the average
power Pin to the heating elements 1S
given by
p
Pin = Pp- . (50)
te
Here te ts the total length of time the plate

is maintained at a constant temperature.

3.8.2 Experimental Results

Measuremenis o¢f the plate current ( the, current

which is collected by the heat transfer surface)
|p as a function of the grid vol tage
Vgr for the experimental setup shown tn
Fig. 680 are shown in Fig. 61. These
measurements were done with a gap voltage Vg
at the cnmbs of -20.1 kY and a total corona
current Ve of -330 vA.

Fig. 62 shows pltots of the power input to the
heating elements Pin {(which is directly
proportionatl to the heat transfer coefficient n}

as a function of corona current leo-
Table IIT is a presentation of more measurements to
investigate the mechanism of the enhancement of the

heat transfer by corona wind.
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Fig. 6t: g VS Vgr for the experimental set up of
Fig. 80; Vg = -20.1 KV, 1, = -330 pA.
| ! |
R (W) without grid
140 | _¢—5See Fig. 59
R . 4
I 120 L,,iz”j - L
| ,ffﬂ>"‘"_—--"— . with grid
100 & - see Fig. 60
:”
80 7 ;
ﬁ/
60.¢ _ _
L. 49
20 S
Q
0 =100 =200 -300 —400
I, (HA)
Fig. &2: P;p V5 ic. Pin is directly
proportional to h.

Tp - T3 = 32°cC.
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Table II11: Heat Transfer Measurements

h**

(min) (KV) (W/mt OC)

-

2
3
4
5
6
7
8
g

[ R e e T S I

O

* The Vgr vs o plot is shown in
Fig. 61, "--" means there is no grid in position.

** gurface area of heat transfer surface is 0,1306 m? ,
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3.8.3 Discussion of Experimental Results

From Fig. 62 or Table ITI rows No. 5, No.
8, No . 9, and No. 10, we conclude that the
enhancement of heat transfer increases with
the corona current.

From Table III rows No. 6, and No, 7
we conclude that the convective heat transfer
coefficient remains constant when no corona current 1S
flowing. Therefore the augmentation of the
hydrodynamic flow of the air, which 18 caused by the
flow of corona current, is responsible for this

enhancement of convective heat transfer.

In the experimental measurements, the grid which i85
used tn an experimental setup reduces the c¢orona 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 we
see that the convective heat transfer coefficient s
enhanced by up to 90 percent when corona wind is blown
to the heat transfer surface.

From Table III rows HMNo. i, No, 2, No. 3, and

No. 4, we see that Vgr and consequently 'p
have no effect on heat transfer at a heat
transfer surface which s blown at by
corona wind, ( Fig. 61 shows the Vgr VS lp curve
for this experimenta: setup .) we can exptain this

phenomenon as follows: measurements in section 3.1 of
this 1thesis have indicated that the largest part of the
corona current i1s collected by the wires, Oon the other

hand measurements in section 3.7 of this thesis have

indicated that there 1S a very small potential
drop between the wires ( a grid) and the plate of a
corona tricde. From these two measurements it may bhe

concluded that any further augmentation of the
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corona wind past the grid by the i1ons which reach the
ptate 1S toco smail to have any effect on the
coefficient of heat transfer as has been discussed

above. Another effect of the ions reaching the plate
could have been due to their potential energy of
ionization which the ions release when they get

neutralized at the ptltate. The ionization energy carried

by these negative 1ons 15 at most a few eV, Note that
positive 1ons have a higher 1ontzation  energy, of the
order of 10 eVv. On reaching the plate the negat:ve 1ons
are neutlralized, but since the plate current PS5 very
smal il the net energy which 1S released by the
neutraltizaticon of the ions at the pliate 1s too small to

be of any consequence (approximately 0.15 pw at B0 nA

plate current).

From Eq. (29a) the average corona wind velocity
is proportiona! to 1.9-5. From Fig. 62 it can be
deduced that h is proportional to
1.9:3 . S0 1t may be concluded that h
due to corona wind = proportional 10 uavo’s.
This c¢ompares favourably with a mechanically generated
Jjet where h is proportional to uavo'5

as was stated in Eq. (9).
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CHAPTER IV CONCLUSIONS

The basic¢c equations which govern the nature of
corona wind are outlined in section 2.32. Corona wind is
created when the Coulomb forces acting on ions are
transferred by colliisions to the neutral air
molecules. Magnetic forces and electrical polar
forces are negligible.

Most of the field lines from the ionisation region
of an EWS terminate at the wires. Therefore most of the
corona current is collected by the wires, The
cotlection of most of the corona current by the wires of

an EWS increases the magnitude of the geometrical

constant in the c¢lassical corona current equation o¢f
Townsend for a point-to-plate geometry with a fixed
point-to-plate spacing. AS a result more corona
current can flow before space charge timitation
takes place, consequently the velocity of the corona
wind increases. However the electrokinetic conversion
efficiency of the EWS although better than
for a point-to-pilate geometry i1s low of the order
of 3 percent. Most of the electrical energy i5 used in

elastic and inelastic collisions, 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,

while around this region 3ir motion is caused by viscous

forces,.
There is about one ion to 600 million neutrats in
the corona wind. The effect of the ions on the thermal

conductivity and viscosity of the air media is therefore
negligibile.

Corona wind 1S laminar, and consequentiy has a



rather smatll spread. Some wiggling behaviour 'S

seen which may be caused by changes in the boundary
conditions at the electrodes, in my setup the corona
wind of one point is confined in an area of 2x4 c¢cm? .

The corona wind has a long reach of up to 25 cm below
the c¢orona discharge points,

Mechanically created free jets are in comparison
turbulent and divergent because of strong edge effectis
at the orifice and the resulting abrupt transition from
pipe fiow 1o free flow.

wWhen a corona wind is superimposed on a mechanical

Jjet, the jet becomes less turbulent.

The blowing of corona wind on a heated transfer
surface has a significant cogling 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°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 di fferences
between the heated surface and the ambient. The
importance of these factors is explained in section
3.6.3.

The configuration of the EWS can be
optimized to generate maximum corona wind and at

the same time a sufficientiy wide opening between

the wires to aliow the corona wind to reach the
heat transfer surface, I'n my measurements,
the optimum configuration of the EWS turns out to

be the one depicted in Fig. 50.
The Langmuir-Child equation for space charge
limited current 1S  generalized to include the case

where the gas 1S tn motion (section 3.7.4).
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Corona wind enhances the convective heat transfer
coefficient by augmenting the hydrocdynamic flow. A

possible empiricail correlation between convective heat

transfer and corona current s that the coefficient
of convective heat transfer h from a heated
upward facing surface which is blown at with corona
wind is proportional to 'c0'3 as outlined

in section 3.8.3.

There is no contribution to the rate of convective
heat transfer due to the interaction of ions with the
heat transfer surface.

The laminar nature of the corona wind makes it more
suitable than a mechanical Jjet in ennancing the
convective heat transfer coefficient by blowing on flat
heat transfer surfaces.

Further research should be directed into the effect
of superimposing c¢orona discharges on mechanically
generated turbulent jets 1o reduce the turbulence of
mechanically generated jets, A propet reduction
of turbulence N mechanically generated jets, could

make such applications possible.
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ABSTRACT

The convective heat transfer to or from a solid, can be significantly
enhanced by a nearby coronardischarge, through the interaction of the

corcna 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 sclid-gasecus 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
intense research on this process throughout the world 1'2. 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 combination
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 corcna wind and an optimization of already existing

apparatus are then possible. Throughout the paper we employ S.I. units.
2. THEORY

In a corcna 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 attaching gas 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 tc the neutral gas. This is the essential element in the ion
drag theory 3. The flow created in this manner, the so called corona wind,
resembles a jet flow. The body force,

F = pCE, (1)
in which P is the charge density and E the electric field strength, is
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 eguations 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. 1 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 rods; this
plate may be 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
point. The discharge is a necgative corona discharge of the "Trichel-type"®,

. . .5
in atmospheric air .

4. MEASUREMENTS

versus the negative voltage applied to the point. The voltage current
characteristic follows the well known empirical formula

I. = - . 2

1 Kl viv VS) (2)
I is the current to the rods, V is the voltage applied to the point,

Vs is the corona starting voltage and Kl is a constant with dimensions

AV 7. When a grounded heat transfer plate is placed some distance bhelow

the rods and the current, I drawn to this surface is measured we

2'
observe that:

12 << 11 and 12 = Kz (v~vs). (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 anemometry measurements.

by measuring the pressure difference in accordance with Bernoulli's
equation:

bp = ou’, (5)
Ap 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
air velocity of 4.5 ms_l. In the absence of the grounded rods the velocity
profile remains bell shaped with in additicn a sharp accentuated peak
at the center, and lower air velocities.
Hot-wire anemometry. Anemometer measurements are based on a measurement

of the convective heat-loss from an electrically heated fine wire .
Measurements of air velocities down to 0.2 ms_1 are possible. The hot-wire
anemometry showed a reach of the jet of at least 25 om for V = -20 kV and
S1 = ¢ = 30 mm and a relatively small cross section of the jet {typical
size 10 cm?) 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 Vs' Only low frequencies, less than 1 kHz, were present

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 4 below the plane of the rods; even then its current was less then
0.05 pyA. This confirms that most of the ions flow to the two grounded rods.
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,



because the hot air comming from the heated point is concentrated in the

center of the jet.

Artificial mist. We alsoc used a mist produced by solid co, 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 feollowing conclusions:
- the velocity profile has a small diameter (s, 35 mm)
- 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.

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 AT 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 discharge 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 appreciable.
Preliminary optimization with respect to the parameter d shows that
maximum heat transfer takes place for d Y 25 mm, for Sl = 33 mm. The

other parameters S1 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



the longer reach of the corcona wind jet. The negative ions cannct con-

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

heat transfer surface.
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