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Chapter Five:

The Speed of the Corona Wind in Air

The speed of the corona wind in air was measured using the optical fibre Fabry-Perot sensor

(OFFPS) and laser Doppler anemometry (LDA), as described in Chapter 4. In Section 5.1.1 the

combined effect of heating the optical fibre (OF) sensor and cooling it convectively with the corona

wind is described theoretically. Due to the unknown composition of the fibre, it was necessary to

calibrate the OFFPS with known flow rates and this procedure and the calibration data are presented

in Section 5.2.

The results of the OFFPS measurements of the corona wind speed in atmospheric air for various

discharge geometries and currents are given in Sections 5.3 and 5.4. Section 5.3 presents and

discusses the effect the electrode configuration has on the wind speed and the shape of the wind

profile. Section 5.4 discusses the effect of the corona current on the wind speed. The results of the

LDA experiment are presented in Section 5.5 and these results are compared with those from the

OFFPS experiments in Section 5.6.
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5.1 The optical fibre Fabry-Perot sensor

Both Samouris et al. (1989) and Lamb and Woolsey (1995) used an optical fibre Mach-Zehnder

interferometer for the measurement of flow speed. Samouris et al. used the reference arm of the

interferometer to provide feedback to a piezoelectric element which compensated for any

temperature shifts in the reference arm of the interferometer. The need to shield the reference arm,

or to include additional electronics to compensate for stress, temperature changes and mechanical

vibrations, plus the sensitivity of the entire sensing arm, places severe restrictions on the

environment in which this measurement technique can be employed. In order to develop a

flow-speed measuring technique which could be used within a sealed discharge chamber and to

avoid the need for shielding of a reference arm, an optical fibre Fabry-Perot interferometer was

chosen. The use of a Fabry-Perot interferometer has the added advantage that, for a given wind

speed and heating regime, twice as many fringes are recorded as for a Mach-Zehnder interferometer.

In order to produce a CO 2 laser pulse, Lamb and Woolsey used a mechanical chopper, as shown in

Figure 3.6. In the present study, the CO2 laser was gated by a pulse generator which enabled data

collection to be automated and controlled by a computer, Section 4.4 details this experimental

arrangement. The computer also controlled the fringe counter and the movement of the discharge

chamber. A typical output signal from the OFFPS following laser pulsing is reproduced in Figure

5.1 and shows the fringe reversal which occurs when heating of the fibre ceases.
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Figure 5.1	 Typical OFFPS trace showing the heating and cooling of the optical fibre.
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5.1.1 The heat-balance equation

In order to obtain flow speeds both Samouris et al. (1987) and Lamb and Woolsey (1995) calibrated

their sensors by obtaining fringe shifts for a known heating regime and flow speed. On the other

hand, it is possible to analyse the heat-balance equation for the fibre to provide a theoretical

expression for the fringe shift for a given heating regime and fibre. A fibre placed normal to the

direction of flow, and heated by a pulse from a CO 2 laser beam transmitted normal to the fibre, will

lose heat by conduction, convection and radiation. With the fibre as one arm of an optical fibre

interferometer, conduction does not constitute a loss as the fringe shift due to heat transfer along the

length of the fibre is accounted for in the total number of fringes counted. At the temperatures

reached by the fibre (up to 800 °C) heat lost through radiation is less than 1% of that lost by

convection.

Thus, the heat-balance equation for a fibre heated by a pulse of CO 2 laser radiation can be written as

rate of heat absorbed by fibre — rate of heat lost by convection = net rate of heat gain by fibre

This heat-balance equation can therefore be written as

aP s -27chrLT = ps7tr2LcsT
dt

where cc is the net absorptance of the silica fibre at the CO 2 laser wavelength of 10.6 pin, P, is the

laser power intercepted by the silica fibre, h is the convection coefficient for air over a cylindrical

surface, r is the radius of the optical fibre, L is the length of fibre heated by the CO 2 laser pulse, p s is

the density of the silica fibre, c, is the specific heat of the fibre and T is the change in temperature of

the fibre over the laser heating time t. Solving Equation 5.1 for T gives

—2ht )]lips  r _ exp (psrcs2ichrLL

The interferometer fringe shift F, is

F = NLT

(5.1)

(5.2)

where N is the number of fringes per metre per degree for the fibre.
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Substituting into Equation 5.2 gives

F 
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_ exp (psrcs )]27chr 
	 2ht )1	 (5.3)

A calculation of the fringe shift associated with the heating of a silica fibre by a pulse from a CO,

laser therefore requires a knowledge of a,P 5 , h, cs and N.

The number of 17 fringes/m/deg is commonly quoted as the value for N. However, Hocker (1979)

pointed out that the composition of optical fibres may vary widely and there is a subsequent

variation in the thermal coefficients of refractive index and linear expansion. Indeed, optical fibres

can be manufactured so that the contribution of the linear coefficient of expansion of the fibre

dominates the phase shift (Schuetz et al., 1983). Although the 17 fringes/m/deg may be used for a

first approximation in our theory, the fringe shift/m/deg of the optical fibre to be used in the

interferometer should be determined experimentally. Chapter 7 gives a more detailed discussion of

this topic and describes a method to experimentally determine the phase shift associated with a

particular fibre. Calculations of a, P„ cs and h for a pure silica fibre are given in Appendix C.

In fact, the exact composition of the fibre is unknown which means that the values chosen for a,

p s and c 5 create uncertainties in the calculation of the number of fringes given by Equation 5.3.

However, for a given optical fibre and heating regime these parameters can be assumed to be

constant and thus Equation 5.3 can be written as

F g [1 — exp (—bh)]
	

(5.4)

where a and b are constants. Furthermore, Appendix C shows that the convection coefficient h is

proportional to v° 34 , where v is the velocity of the flow. Hence

	

F= A= 0 34 [1 — exp (—B 034 )]	 (5.5)

where A and B are constants.

Due to the unknown composition of the optical fibre the OFFPS was calibrated with known flow

rates and the data fitted to a curve of the form of Equation 5.5, as described in the following section.
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5.2 Calibration of the optical fibre Fabry-Perot sensor

Using the experimental arrangement detailed in Chapter 4, Section 4.4, the speed of the corona wind

was determined by heating a small section of an optical fibre and measuring the fringe shift

produced when the corona wind convectively cools the fibre. In principle, the response of the

OFFPS to the corona wind gives direct information on the speed of the corona wind. However, this

requires knowledge of the absorption of the laser energy by the fibre, the laser beam width, and the

change in the refractive index and length of the fibre with temperature. The alternative procedure is

to calibrate the sensor directly using known wind speeds, and this was the approach taken.

From the results of experiments performed by other researchers, as presented in Section 2.6, it is

possible to sketch an approximate pattern of the corona wind and the position of the heated portion

of the optical fibre within the flow. This representation is shown in Figure 5.2. At any one point

within the flow the entire heated portion of the optical fibre would be subject to cooling by the

corona wind. The number of fringes associated with the heating and convective cooling depends on

the average corona wind speed over the heated section of the fibre.

Sigmond (1982) suggested that the corona wind could be modelled by a narrow, submerged jet

emerging from a converging-diverging nozzle. This concept and the above knowledge of the corona

wind formed the basis of the calibration procedure, with a jet of air of known flow rate being used to

calibrate the OFFPS.

Figure 5.2	 Schematic diagram of the corona wind flow and sensing fibre within the corona

discharge gap.
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The arrangement for all calibration experiments was the same as that for the corona wind OFFPS

experiments. The fibre was held parallel to the plate electrode, perpendicular to the direction of flaw

and centred on both the axis of the flow and the diameter of the CO 2 laser beam. All calibration

procedures were performed under the same experimental conditions as the actual corona wind

experiments, except that, the corona anode was replaced by a narrow stainless steel tube. The tube

was 300 mm long and had an 8-mm external diameter. It was tapered to form a nozzle over the final

50 mm to an internal diameter of 5 mm, and entered the discharge chamber through the anode

feedthrough. The sensing fibre was held 2 mm below the nozzle. Flow rates through the tube were

measured using a Gilmont Shielded Flowmeter connected between the nozzle and a cylinder of dry

air. The flowmeter had three interchangeable, calibrated inserts which allowed flow rates of between

0.2 and 14 000 ml/min to be measured with an accuracy of 2%.

5.2.1 Parameters for calibration

In order to ascertain the fibre-heating regime which would provide the most repeatable results for all

calibrations and experiments, preliminary experiments were performed to determine (i) a suitable

fibre-heating time, (ii) the minimum time between pulses to allow the fibre to return to ambient

temperature and (iii) the optimum diameter of the nozzle for calibration.

When using the OFFPS the maximum temperature reached by the fibre is a function of the speed of

the corona wind and the amount of CO 2 laser energy absorbed by the fibre, and the latter is a

function of the period of the laser pulse (Lamb and Woolsey, 1995). Figure 5.3 shows the number of

fringes obtained when using fixed laser power and air flow rate for various CO 2 laser pulse times.

Saturation occurs at a heating time of around 600 ms when the rate of laser heat absorption is

balanced by the rate of heat loss by convection. From these results a fibre-heating time of 200 ms

was chosen for the calibration procedure and for all corona wind measurements. This choice of laser

pulse time gave repeatable corona data, sufficient fringes for good counting statistics and allowed

the fibre to recover to ambient temperature within an adequate time. The solid line in Figure 5.3 is

the theoretical prediction of the effect of the laser pulse time on the number of fringes as obtained

from heat-balance theory, using Equation 5.3 and the value of the constants given in Appendix C.
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Figure 5.3
	

OFFPS fringes for a fixed CO2 laser power as a function of laser pulse width,

for a nozzle-to-plate distance of 20 mm, 8 s delay between pulses,

5 mm diameter nozzle and an air flow of 1 m/s.

The number of fringes obtained from an OFFPS is determined by the change in temperature of the

fibre as it is heated by the CO 2 laser pulse. Figure 5.4 shows the number of fringes obtained for a

fixed laser power and air flow when heating the fibre for 200 ms with various delays between

consecutive laser pulses. The decrease in the number of fringes with decreasing time between laser

pulses indicates that the fibre did not reach equilibrium with the surrounding air during the laser

off-time for times less than 8 s. The exact delay between consecutive laser pulses is not critical as

long as the fringe count is repeatable and the same regime is used for the calibration of the sensor.

However, for maximum fringe count, the fibre should be allowed to return to the temperature of the

surrounding air when the CO 2 laser is turned off. Consequently, a delay of 8 s between consecutive

CO2 laser pulses was chosen for all OFFPS experiments. This choice allowed the fibre to fully

recover ambient temperature between pulses whilst keeping experimental times to an acceptable

level.

The diameter of the nozzle used for the calibration procedure was also considered. From previous

work (Mityushin et al., 1984) it is known that the corona wind has a high central speed and extends

over a wide area (see Figure 2.18). The CO2 laser beam was focussed to a diameter of around 1 mm

so that a 1-mm length of fibre was heated by the laser and convectively cooled by the corona wind.
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Figure 5.4	 Fringe number for different delay times between 200 ms CO, laser pulses

for a 5 mm diameter nozzle and air flow of 1 m/s.

Of course, not all points on the heated section of fibre are cooled at the same rate. The fringe shift

obtained by the OFFPS is, necessarily, an average of the effect of the laser heating and convective

cooling over the length of the heated portion of the sensor. Thus, it was necessary to choose a nozzle

with a diameter large enough to allow the flowing air to cool the entire heated section of the fibre.

For calibration of the OFFPS, a 5 mm diameter nozzle was chosen as this provided a flow of air

which fully cooled the heated portion of the fibre.

The calibration of the OFFPS proceeded by counting the fringes associated with the convective

cooling of the fibre by a flow of air with velocities up to 8 m/s. For each data point, this procedure

was performed fifteen times and the numbers of fringes averaged. The calibration data were fitted to

a curve of the form given in Equation 5.5, with A = 111.65 and B = 1.45, when v is in m/s. This

curve and the data points obtained from the calibration experiments are shown in Figure 5.5.

The good agreement between the calibration data and the heat-balance theory indicates that this

procedure does indeed provide an acceptable method of calibrating the OFFPS for measurement of

the speed of the corona wind. Equation 5.5, with the given values of A and B, was used to determine
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the speed of the corona wind in air from the fringe shift data obtained in all of the OFFPS

experiments.

In the following two sections experimental corona wind speed profiles are presented. The results

described and discussed here are representative of all the profiles obtained. Complete results of the

three-dimensional profiles of the corona wind are presented in Appendix D.

5.3 The corona wind and electrode configuration

In Section 5.3.1 measurements of the corona wind speed, obtained using the OFFPS, for different

electrode configurations, are presented, along with a brief description of the main features of the

profiles. From the three-dimensional views of the corona wind speed, two-dimensional profiles are

obtained, both radial, moving radially from the discharge axis, and axial, moving away from the

anode and towards the cathode. A discussion of the major findings follows this presentation of

results.

Figure 5.5	 Calibration curve for the OFFPS, using a 200 ms CO 2 laser pulse,

an 8 s delay between pulses and a 5 mm diameter nozzle.
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5.3.1 Experimental data

Examples of current-voltage characteristics for a positive corona discharge with the discharge

system used in this study of the corona wind are shown in Figure 5.6. Characteristics were taken

with no fibre in the discharge gap and with the OFFPS in position, normal to the discharge axis, at

various distances from the tip of the anode. The presence of the fibre does not affect the

current-voltage characteristic of the discharge except when it is positioned less than 2 mm from the

anode tip. To ensure that the discharge was unaffected by the OFFPS no measurements of the corona

wind speed were taken within 2 mm of the anode.

Three-dimensional profiles of the corona wind speed for three different anodes are shown in

Figures 5.7, 5.8 and 5.9. The relationship between the electrode geometry and the axes of the

profiles for all of these figures is shown in the inset of Figure 5.7. With all anodes used, the corona

wind speed on the discharge axis is seen to reach a maximum a few millimetres below the anode and

then to decrease gradually towards the cathode. For the 15° hyperboloidal anode, the 2 mm diameter

hemispherical anode and the 5 mm diameter hemispherical anode (Appendix D, Figure D.1), the

maximum corona wind speed occurs at 4 to 5 mm below the anode. For the 6° hyperboloidal anode

the axial maximum occurs at 8 to 10 mm below the anode; that is, in the middle of the discharge

gap.

Figure 5.6
	

Current-voltage characteristic for the 2 mm hemispherical anode tip in an

atmospheric air corona discharge, without a fibre and with a fibre 1 mm below the

anode and 10 mm below the anode. Discharge gap - 20 mm.
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Figure 5.7	 Corona wind speed profile for the 15° hyperboloidal anode-to-plane discharge.

Corona current - 25 i_tA, discharge gap - 20 mm.

Figure 5.8	 Corona wind speed profile for the 6° hyperboloidal anode-to-plane discharge.

Corona current - 25 i_tA, discharge gap - 20 mm.
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Figure 5.9
	

Corona wind speed profile for the 2 mm hemispherical anode-to-plane discharge.

Corona current - 25	 discharge gap - 20 mm.

Two-dimensional radial profiles of the corona wind for various positions below the anode are

presented in Figures 5.10 and 5.11. For the hyperboloidal anode the corona wind has fallen to half

its maximum axial value on moving 4 mm from the axis of the discharge. The wind speed then

gradually decreases with radius but still blows with a speed of 0.5 m/s at a position 15 mm from the

axis. For the hemispherical anode a broader profile is obtained, again with a speed of around 0.5 m/s

still maintained at a distance of 15 mm from the axis. The maximum wind speed obtained with the

hyperboloidal anode is substantially greater than with the hemispherical anode.

A direct comparison between the radial profiles of' a hemispherical and a hyperboloidal anode at a

position 2 mm below the anode is given in Figure 5.12.
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Figure 5.10	 Radial profiles for the 15° hyperboloidal anode at positions below the anode.

Corona current - 50 [IA, discharge gap - 20 mm.

Figure 5.11	 Radial profiles for the 5 mm hemispherical anode at positions below the anode.

Corona current - 50 [IA, discharge gap - 20 mm.



5
•

-o
3

-o 2 2mm hemispherical anode
•	 A- • •	 6° hyperboloidal anode

A.
1 -

....	 ....	 A ...	 A .. .. A
	 . A

0
0	 2	 4	 6	 8	 10	 12	 14

mm

Chapter Five: The Speed of the Corona Wind in Air 	 80

Figure 5.12
	

Radial profiles 2 mm below the anode; for the 6° hyperboloidal anode

and the 2 mm diameter hemispherical anode.

Corona current - 25 	 discharge gap - 20 mm.

Representative axial profiles are shown in Figures 5.13 and 5.14. For a radial position far from the

discharge axis the corona wind speed is relatively constant or may even increase slightly on moving

toward the plate electrode.

Figures 5.15 and 5.16 show three-dimensional wind speed profiles for the 6° hyperboloidal anode in

point-plane and point-grid electrode configurations, respectively. These results were not obtained

using the OFFPS but with an OF sensor in a Michelson arrangement. The sensing arm of the

interferometer was held parallel to the cathode and perpendicular to the direction of the corona

wind. The corona discharge was established in atmospheric air in an open electrode system; that is,

not inside a discharge chamber. The optical fibre Michelson interferometer was calibrated using the

procedure described in Section 5.2. The agreement between the maximum wind speed and the

general shape of the profiles obtained with the OFFPS (Figure 5.8) and those obtained with the

Michelson arrangement helps to establish the validity of the experimental procedure.
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Figure 5.13	 Axial profiles of the corona wind speed for the 6° hyperboloidal anode.

Corona current - 25 pA, discharge gap - 20 mm.

Figure 5.14	 Axial profiles of the corona wind speed for the 5 mm hemispherical anode.

Corona current - 25 pA, discharge gap - 20 mm.
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Figure 5.15

Figure 5.16

Corona wind speed profile for the 6° hyperboloidal anode-to-plane discharge using

an OF sensor in a Michelson arrangement.

No discharge chamber. Corona current - 20 tiA, discharge gap - 20 mm.

16

Corona wind speed profile for the 6° hyperboloidal anode-to-grid discharge using

an OF sensor in a Michelson arrangement.

No discharge chamber. Corona current - 20	 discharge gap - 20 mm.
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5.3.2 Discussion

The experimental data on axial and radial profiles of corona wind speed allows the following

general trends to be identified:

• peaks and troughs occur throughout the flow;

• the maximum speed does not occur at the anode but some distance into the discharge gap;

• the highest speeds occur on the discharge axis, decreasing with radial distance from the axis of

the discharge;

• far from the discharge axis and for positions close to the plane electrode, the speed increases

slightly as the wind moves toward the plane electrode;

• the shape of the wind profile and the maximum axial speed of the wind depends on the electrode

configuration; and

• the presence of a discharge chamber or container introduces additional recirculation to the flow.

It needs to be emphasised that although the profiles have rather complex shapes, for any particular

corona - same electrodes, gap, air pressure and current - the wind speed profiles are always the same

to within 10%. The local peaks and troughs in the corona wind speed profiles exist because the

corona wind strikes the plate electrode and this produces recirculation which increases the

complexity of the profile. Even when the plate electrode is replaced with the grid electrode, as in

Figure 5.16, small amounts of recirculation are evident due to disturbance of the flow by the grid.

The corona wind speed measured with the OFFPS is the scalar addition of all air flow impinging on

the heated section of the fibre; that is, the flow from above the fibre and recirculating flow from

below add to cool the fibre, as does any recirculating flow from the sides. Thus, the OFFPS is

sensitive to recirculation of the corona wind and this is seen particularly clearly in the corona wind

speed axial profiles of Figures 5.13 and 5.14 as local peaks and troughs.

A comparison between the profiles obtained in open air (Figures 5.15 and 5.16) and those obtained

in the discharge chamber (in particular, Figure 5.8) shows that the presence of the discharge

chamber acts to increase the amount of recirculation in the flow due to the interaction of the corona

wind with the chamber walls.

The shape of the corona wind speed profile is seen to depend on the electrode configuration. In

general, the broader the anode tip the broader is the wind profile, with a hyperboloidal anode giving

a sharper profile than the hemispherical anodes, as well as a higher maximum speed. The corona
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wind is due to the transfer of energy from fast-moving ions to neutral molecules within the

discharge. If we consider that all the energy of the electric field is transferred to movement of a

volume of gas then conservation of energy gives

2p gu 
2
n, = NE dx

0

where pg is the gas density, lc is the wind speed, p c is the charge density, L is the discharge gap and

E is the electric field. Clearly, the higher the electric field the greater the corona wind speed. A

hyperboloidal anode has a sharper profile than a hemispherical one and, thus, the electric field at its

tip is greater and also has a sharper profile. During collisions with ions in the discharge the neutrals

are given a component of velocity in the direction of the electric field. Thus, the sharper the electric

field at the anode, the higher the maximum speed of the corona wind and the more focussed is the

profile.

The position of the axial maximum does not occur at the anode tip or even within the corona glow

region. This agrees with measurements made by other researchers (Mityushin et al., 1984; Teisseyre

et al., 1982) who did not comment on the result. To gain insight into why the maximum wind speed

occurs at some distance from the anode tip it is useful to examine both the microscopic processes

involved in the production of the corona wind and the macroscopic movement of the corona wind.

All of the positive ions are created within the glow region, which extends 1 to 2 mm from the anode

tip, and it is here that they begin their collisions with the neutral gas molecules. The positive ions

and the neutrals are of similar mass and therefore, during a collision the momentum of an ion is

transferred to a neutral. The mean free path of an ion in atmospheric air is around 2 x 10 -7 m (Cross,

1987). Therefore, in a discharge gap of 20 mm, an ion will collide with neutrals around 10 5 times.

With typical ion densities of 10 15 m-3 and neutral densities of 10 25 m-3 (Cross, 1987) within a corona

discharge it can be concluded that only a small fraction of the neutrals gain energy from the ions.

For the bulk movement of neutrals making up the corona wind, significant momentum transfer

between neutrals must also occur. Thus, the very fast velocities of the positive ions in the discharge

translate to a general movement of neutrals with an average velocity of only a few metres per

second. In order for this transfer of energy to occur within the discharge both time and distance are

required.

(5.6)
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On the macroscopic level, the corona wind is a fluid flow which must obey the equation of

continuity; that is

Q u„,A = constant	 (5.7)

where Q is the volume rate of flow of the corona wind with velocity lc across an area A. Figure 5.17

shows a schematic of the streamlines of the corona wind as it flows around the anode and down

toward the cathode. The point electrode acts like a converging-diverging nozzle so that there is a

position at which the flow has a minimum cross-sectional area and therefore a maximum velocity.

The position of the maximum velocity is likely to depend on the exact shape of the anode. However,

the large difference seen in the position of the maximum velocity for the small hyperboloidal anode

compared to the other anodes is probably not a function of anode shape, because wind-speed profiles

for a corona discharge in SF,, presented in Chapter 6, do not show this large difference between

anodes. It is more likely that the anomalous position of the velocity maximum for the small

hyperboloidal anode in the air corona is caused by increased circulation brought about by the higher

velocities obtained with that anode.

In the final analysis, it can be seen that the corona wind-speed profile depends, primarily, on the

electrode configuration. Other factors which affect the shape are those which induce recirculation,

such as a plate electrode and a discharge chamber. Knowledge of the wind profile will assist in heat

transfer applications where the corona wind profile can be tailored to provide optimal cooling.

	> <

Figure 5.17	 Representative streamlines of the corona wind around the point electrode.
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5.4 Corona wind speed and the corona current

The speed of the corona wind has been theoretically shown to be proportional to the square root of

the corona current (Section 2.4.1, Equation 2.17). Figure 5.18 shows the corona wind speed as

measured using the OFFPS for various corona currents with the 15° hyperboloidal anode. The data

are found to fit closely an 1 0. 6 relationship rather than 1 05 , where I is the corona current. Of course,

the / 05 theoretical prediction was derived using several assumptions and approximations, and it may

be that the dependence of the corona wind speed on 1 0'6 is more exact.

Figure 5.19 shows the radial profile of the corona wind speed, 10 mm below the 2 mm diameter

hemispherical anode, at corona currents of 25 [IA and 50 11A. As expected, an increase in corona

current has little effect on the shape of the profile other than to produce an overall increase in the

wind speed. The data represented in Figures 5.18 and 5.19 are representative of all the corona wind

results obtained with the OFFPS.

Figure 5.18	 Corona wind speed at various discharge currents for the 15° hyperboloidal anode.

OFFPS position - 10 mm below anode, discharge gap - 20 mm.
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Figure 5.19
	

Radial profiles for a 2 mm diameter hemispherical anode at currents 25 ytA

and 50 !IA.

OFFPS position - 10 mm below anode, discharge gap - 20 mm.

5.5 Corona wind speed using LDA

For comparison with the optical fibre measurements, the corona wind speed was measured using

laser Doppler anemometry (LDA). The experimental arrangement has been described in Section 4.5

and Appendix B describes the theoretical basis for this experimental technique. Figure 5.20 shows a

typical laser Doppler signal obtained.

The LDA signals from the photomultiplier were fed to a LeCroy digital oscilloscope which could

perform FFT calculations on the time-domain signal. For each data point FFTs of 5 to 10 signals

were averaged and the Doppler-shifted frequency was then used to calculate the speed of the seeding

particles.

It was difficult to obtain LDA signals on the axis of the discharge and close to the anode. This is due

to the fact that the seeding particles are entrained into the discharge gap from above the anode. The

flow of the particles around the anode means that few particles move onto the discharge axis close to
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the anode. Further from the anode, LDA signals were more easily found. Again, far off-axis and

close to the anode, LDA signals were difficult to obtain because few particles are entrained into this

region.

Figure 5.20	 LDA signal for one particle moving through the probe volume.

5.6 Comparison of the OFFPS and LDA results

A three-dimensional profile of the corona wind speed, obtained using LDA, is presented in

Figure 5.21. A comparison can be made between Figure 5.21 and Figure 5.9, both being obtained for

the 2 mm hemispherical anode, a corona current of 25 [IA and a 20 mm discharge gap. The most

noticeable difference between the two profiles is the relatively constant speed along the discharge

axis from the LDA measurements. Although the maximum wind speed is similar for the two

measurement techniques, on the whole, the LDA values are greater than the OFFPS values, except

far from the axis where the LDA data fall below those of the OFFPS data. Both profiles show a

number of peaks and troughs throughout the discharge gap.

The measured on-axis corona wind speed as a function of discharge current obtained using both the

OFFPS and LDA measuring techniques for the 2 mm hemispherical anode is presented in Figure

5.22.
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Figure 5.21	 LDA particle-speed profile for the 2 mm hemispherical anode-to-plane discharge.

Corona current - 25 uA, discharge gap - 20 mm.

Figure 5.22
	

Corona wind speed on-axis at various discharge currents for the 2 mm hemispherical

anode.

OFFPS position - 10 mm below anode, discharge gap - 20 mm.
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Both sets of results were taken at a position 10 mm below the anode and on the discharge axis. The

LDA values are consistently higher than the OFFPS values and this is due to the fact that the LDA

technique relies on seeding particles which become charged in the corona so that they move under

the combined influence of the corona wind and the electric field. The total velocity of the seeding

particles u, may be written as

u=uiv +bE	 (5.8)

where u„ is the velocity of the corona wind, b is the particle mobility, and E is the electric-field

strength.

The electric-field component of the particle speed can be examined by calculating the terminal

velocity reached by a charged particle within the electric field of the corona. For the experimental

electrode configuration, where the point was positioned above the plane, a charged particle in air

will have Coulomb and gravitational forces acting down on it and a viscous drag, given by Stokes'

law, and a buoyancy force acting up. At the terminal velocity v, this balance may be written as

qE+ 4—
3

7cr 3 ppg = 6icrivr 4+ —
3

Tcr
3 

p a g
	

(5.9)

where q is the charge on the particle, E is the electric field, r is the radius of the particle, p p is the

density of the particle, g is the acceleration due to gravity, 11 is the viscosity of air and p a is the

density of air. The second term on each side of Equation 5.9 can be neglected as each is several

orders of magnitude less than the other terms, giving

qE
v = 	

67cTir

for the terminal velocity of the particle due to its charge.

(5.10)

In order to calculate v, the charge acquired by the seeded particles, due to the presence of a large

density of positive ions in the discharge, must be estimated. The charge on a seeded particle in a

unipolar discharge will reach a maximum when the attractive field due to the local field distortion at

the particle equals the repulsive field due to the charge on the particle. The maximum charge which

can build up on a particle is often called the Pauthenier limit (Cross, 1987) and is given by

qmax 4gEor2E-jEr
Er + 2

(5.11)

where Er is the relative dielectric constant of the seeded particles. This charge limit assumes that

there is a uniform distribution of charge on the particle.
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This theoretical charge limit is not generally reached, as the area over which a particle charges is a

function of the relative dielectric constant of that particle. Masuda and Washizu (1979) calculated

the charge which would accumulate taking the dielectric constant of the particle into consideration.

In the work presented in this thesis, the dielectric strength of the seeded particles is unknown.

However, the particles used here, as described in Section 4.5.1, can be compared with other organic

oils which have Er = 3 (Weast, 1975). Masuda and Washizu calculated the maximum charge which

could be expected for various values of Er as a percentage of the Pauthenier limit. For Er = 3 they

found that the charge acquired by a particle in a unipolar discharge would be no more than 40% of

the Pauthenier limit. Using Equation 5.11 with an average value for the electric field in the discharge

gap of 5 x 10 5 V/m (anode voltage/gap length) and a particle radius of 2 [tm (Woerner, 1988), the

approximate charge acquired by the seeded particles in the corona discharge is estimated to be

2 x 10-1 `) C.

The above values for q, E and r and the viscosity of air at room temperature can be substituted into

Equation 5.10, giving a value for the terminal velocity of the particles to be around 1 to 2 m/s.

Figure 5.22 shows that the difference between the experimental values of the speed of the corona

wind obtained with OFFPS and LDA is around this value. Stokes' law applies to fluid flows with a

Reynolds number < 1. Here, the Reynolds number, given by

_vdRe =
Ilk

(5.12)

where d is the diameter of the particle andµk is the kinematic viscosity of air, is about 0.5. Thus, it is

clear that LDA overestimates the speed of the corona wind by as much as 60%.

Whereas Figure 5.22 is a comparison between the LDA and OFFPS results for a position on the axis

of the discharge and half way across the discharge gap, Figure 5.23 compares the axial distributions

of the corona wind obtained by LDA and OFFPS at a fixed current. Close to the anode the speed of

the corona wind is larger when measured with the OFFPS than with LDA. This is due to the fact that

LDA only measures the vertical component of the particle velocity; that is, that component which is

in the same direction as the discharge axis. Close to the anode the particles are being entrained

around the anode tip and the particles have a relatively low axial component of velocity. This leads

to a decrease in the overall wind speed measured with LDA at positions close to the anode. The

difference between the axial corona wind speeds obtained with LDA and those measured by the
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OFFPS is shown as a function of distance from the anode in Figure 5.24. In general, the difference

between the speed of a particle and the actual corona wind speed is 1.5 to 2 m/s.

From this comparison of the two wind-speed measuring techniques - LDA and OF sensing - it is

clear that the OFFPS is the preferred method for corona wind speed measurements, since it measures

the actual wind speed. Indeed, for heat-transfer applications, OF sensing is the ideal technique for

measuring the cooling effects of the corona wind as this is the exact parameter which the OFFPS

measures. Furthermore, valuable information concerning the motion of charged particles within a

corona discharge can be gained when OF sensing is coupled with a technique such as laser Doppler

anemometry because the electrostatic and hydrodynamic components of the particle velocity can

then be separated. This has particular relevance to the process of electrostatic precipitation.
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Figure 5.23 Corona wind axial profiles on the discharge axis for the 2 mm hemispherical

anode obtained using the LDA and the OFFPS.

Corona current - 25 pA, discharge gap - 20 mm.
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Figure 5.24
	

Difference between the axial corona wind speed results obtained using the

laser Doppler anemometer and the OFFPS for the 2 mm hemispherical anode.

Corona current - 25 p,A, discharge gap - 20 mm.
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Chapter Six:

The Corona Wind in Sulphur Hexafluoride

Because of the importance of sulphur hexafluoride (SF 6) to the electric power industry, the body of

published work on SF 6 corona discharges is extensive and Chapter 2 has presented a review of this

work. In this chapter results are presented which not only establish the existence of the corona wind

in an SF 6 corona discharge but also provide a measure of this wind speed. These are the first ever

measurements of the corona wind speed in SF 6 and were obtained using the optical fibre Fabry-Perot

sensor (OFFPS).

The experimental arrangement for the study of the corona wind in SF 6 is that described in Chapter 4.

As for the air corona wind study, the OFFPS was heated by a pulse from a CO 2 laser, but, because

SF6 absorbs radiation at around 10.6 um, it was necessary to carefully control the wavelength of the

CO2-laser heating radiation. The absorption of infrared radiation by SF 6 is discussed in Section 6.1.

Calibration of the OFFPS in SF 6 proceeded in the manner of the calibration in air and is described in

Section 6.2. and corona wind-speed profiles obtained in an SF6 corona discharge for different

discharge conditions are presented and discussed in Section 6.3. A comparison between the corona

wind speeds in air and SF 6 is made in Section 6.4.
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6.1 The infrared spectrum of SF6

Sulphur hexafluoride absorbs radiation with wavelengths in the infrared. The wavelength that shows

the highest absorption is 948 cm' (10.5485 [tm) (Chapados and Birnbaum, 1988). This absorption

line is close to the 10.5514 jam P(16) laser line of a CO2 laser, and so, in order to use the OFFPS

technique to measure the speed of the corona wind in an SF 6 corona discharge it was necessary to

first examine the infrared absorption spectrum of SF 6 to determine a CO 2-laser wavelength which

was not significantly absorbed by SF6. Figure 6.1 shows the details of the infrared spectrum of SF6

in the range 2 1.1m to 25 jim, for various gas pressures (Lagemann and Jones, 1951). At 1 atmosphere

of pressure (30 inches Hg) the absorption of 10	 to 11 lam radiation in SF 6 is so complete that no

fine structure is observed. To obtain details of the absorption between 10 p.m and 11 Lagemann

and Jones reduced the SF6 gas pressure to less than 30 kPa ((curves B, C and D in Figure 6.1). Figure

6.1 shows that, in order to ensure that sufficient radiation intensity reaches the fibre, within an

SF„-filled discharge chamber, it is necessary to use a wavelength below 9.8	 A SYNRAD

(48G-2) CO 2 grating laser was used to heat the fibre since this laser can be tuned to any line within

the range 9.2 p.m to 10.8 The intensity of the different lasing lines varies and in order that

sufficient intensity was provided to heat the fibre within the SF 6 corona discharge, CO, radiation at a

wavelength of 9.31 p.m was chosen.

6.2 Calibration of the OFFPS in SF6

Pressures of 10 kPa and 20 kPa were chosen for the investigation of the corona wind speed in an SF6

corona discharge. These pressures were chosen so that discharge conditions similar to those used in

the study of the corona wind speed in air (steady glow discharge and corona currents of 25 	 and

50 !IA) could be used. Since SF 6 corona discharges at pressures above some tens of kPa are

commonly associated with considerable streamer activity (refer to Section 2.2 for a description of

corona discharges in SF 6) there was an upper limit to the pressure which could be used without

major streamer activity. Furthermore, the streamers cause vibration of the OFFPS within the

discharge, and optical fibre interferometers are very sensitive to vibration of the measuring fibre

because it produces oscillations on the fringe pattern due to small changes ill length. The oscillations

on the OFFPS were examined for a range of gas pressure from 5 kPa to 35 kPa and the results are

presented in Appendix E. The oscillations were found to be equivalent to a full fringe at pressures
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above 25 kPa for a 50 !IA discharge. Consequently, pressures of 10 kPa and 20 kPa were chosen for

the SF6 study. This restriction to pressures below 25 kPa is not seen as being a major one, since the

theory outlined in Section 2.4.1 predicts the corona wind speed to be independent of gas pressure.

The experimental arrangement used for the calibration of the OFFPS in the SF 6 discharge was the

same as that used for the calibration of the OFFPS in air, and detailed in Section 5.2. The fibre was

held parallel to the plate electrode, perpendicular to the direction of the corona wind and centred on

both the axis of the wind and the CO2 laser beam. Although the cooling properties of SF differ from

those of air, for consistency of experimental procedure, an 8 s delay was used between 200 ms laser

pulses. This choice of delay between laser pulses is not critical as has been discussed in Section

5.2.1. The fibre was held 2 mm below a 5 mm nozzle and the nozzle was connected to a Gilmont

Shielded Flowmeter. The manufacturer provides computerised flow tables and an analytical solution

for calibrating the flowmeter. The procedure was tested by reproducing the flow tables for air and

water which came with the flowmeter and then the procedure was used to calibrate the flowmeter for

use with SF6.

WAVE NUMBERS, MI'

(11M1	 3000	 WM!.	 i‘nn	 4nrat	 nnn	 anti	 inn

80.m.IMICHENEMORMIEN
1 Ili

1 ....	 ... .. 	 -	 ....'•..
WAVELENGTH, microns

WAVE NUMBERS, cm1
500	 400

k

17'15	 16	 18 20	 21	 22	 23	 24	 2510

WAVELENGTH, microns

Figure 6.1	 The infrared absorption spectrum for SF6 from 2 ium to 25 tm

(Lagemann and Jones, 1951).
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Corona wind data were obtained at an SF6 pressure of 10 kPa and at an SF 6 pressure of 20 kPa. So

that all calibration procedures were performed under exactly the same experimental conditions as

the actual corona wind measurements, the OFFPS was calibrated at these gas pressures. The

calibration data were obtained by counting the fringes associated with the convective cooling of the

heated portion of the OFFPS by a flow of SF 6. At speeds above 4 m/s, the flow of SF 6 has sufficient

momentum to cause significant noise on the OFFPS, and calibration was therefore restricted to the

range 0 to 3.5 m/s, which was sufficient to cover the wind speeds encountered in the SF6 corona.

This restriction to lower speeds in SF6 compared to air is a result of the higher mass of the SF6

molecule which provides a higher momentum transfer to the fibre. The heat-balance equation,

developed in Section 5.1.1, is applicable to this experimental procedure and takes the form given in

Equation 5.5, as reproduced below.

F= A
v

0 34 [1 exp (—Bv°34)]
•

where F is the number of fringes, v is the velocity of the corona wind and A and B are constants.

Figures 6.2 and 6.3 are calibration curves for the OFFPS at SF 6 pressures of 10 kPa and 20 kPa,

respectively. In each of Figures 6.2 and 6.3 the solid line is the fit of the data to Equation 6.1, with

A l = 76.185 and B1 = 2.17, for the SF 6 pressure of 10 kPa and A 2 = 86.616 and B2 = 1.575, for the

SF6 pressure of 20 kPa. The number of fringes F obtained from each corona measurement was

converted to a wind speed v by substituting the value of F into Equation 6.1, along with the values

for A and B for the appropriate SF 6 pressure.

6.3 Experimental results and discussion for SF6

Using the OFFPS, three-dimensional profiles of the corona wind speed were obtained in SF 6 corona

discharges at the gas pressures of 10 and 20 kPa, for two electrode configurations, and at corona

currents of 25 µA and 50 [tA for each gas pressure.

The two electrode geometries were a point-plane with the point having a hemispherical tip of

diameter 2 mm, and a point-plane with the point having a hyperboloidal tip of 6° profile. In this

section, wind-speed profiles are presented to illustrate electrode effects. The main features of the

profiles are described and the overall trends discussed.

(6.1)
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Figure 6.2	 Calibration curve for OFFPS in SF6 at 10 kPa.

200 ms CO2 laser pulse, 8 s delay between pulses and 5 mm diameter nozzle.

100 -

90 -

80 

—en

c• 70 -
'L
LL

60 -

50 -

40 	
0 2	 3	 4

Wind Speed (ms-1)

Figure 6.3	 Calibration curve for OFFPS in SF 6 at 20 kPa.

200 ms CO-, laser pulse, 8 s delay between pulses and 5 mm diameter nozzle.
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Figure 6.4	 Current-voltage relationship for various SF6 corona discharges.

Figure 6.4 shows the current-voltage characteristics of three SF 6 corona discharges and illustrates

the significance of pressure and anode geometry. Each of these factors will be discussed in the

following sections.

6.3.1 Electrode configuration and the corona wind

Figures 6.5 and 6.6 show three-dimensional profiles of the corona wind speed for the hemispherical

point-plane and hyperboloidal point-plane electrode configurations, with a corona current of 25 to

and an SF6 gas pressure of 20 kPa. The geometry of the system is shown in the inset of Figure 6.5.

The speed of the corona wind on axis shows the same general trend for both: an increase to a

maximum and then a decrease towards the cathode. The corona wind speed decreases on moving

away from the discharge axis, with peaks and troughs in the flow. The hyperboloidal anode gives a

higher maximum wind speed, 1.75 m/s, compared to 1.6 m/s for the hemispherical anode. The

position of the maximum axial wind speed for both is 4 to 5 mm from the anode.
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Figure 6.5	 Corona wind speed profile for the 2 mm hemispherical anode.

Corona current - 25 [IA, SF 6 pressure - 20 kPa, discharge gap - 20 mm.

Figure 6.6	 Corona wind speed profile for the 6° hyperboloidal anode.

Corona current - 25	 SF6 pressure - 20 kPa, discharge gap - 20 mm.
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The wind-speed profile for the hemispherical anode displays more complexity than the

hyperboloidal anode, probably due to a higher degree of recirculation as discussed below.

Figure 6.7 compares radial profiles of the corona wind for the two electrode configurations, under

the same pressure and current conditions, at a position 2 mm below the anode. The hyperboloidal

anode provides the somewhat greater axial wind speed and has a more peaked profile than the

hemispherical anode.

Radial profiles are presented in Figures 6.8 and 6.9 for different distances from the anode. The

hyperboloidal anode shows a greater degree of regularity in the profiles than does the hemispherical

anode.

Figure 6.7
	

Radial profiles 2 mm below the anode for the 6° hyperboloidal anode and

the 2 mm diameter hemispherical anode.

Corona current - 25 [IA, SF, pressure - 20 k.Pa, discharge gap - 20 mm.
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Figure 6.8	 Radial profiles for the 6° hyperboloidal anode.

Corona current - 25 [IA, SF6 pressure - 20 kPa, discharge gap - 20 mm.

Figure 6.9	 Radial profiles for the 2 mm hemispherical anode.

Corona current - 25 p.A, SF6 pressure - 20 kPa, discharge gap - 20 mm.
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These SF6 profiles allow several trends to be identified and most are similar to those observed in air

and have been discussed in Section 5.3.2. In both air and SF 6 the maximum corona wind speed did

not occur at the anode tip but some distance into the discharge gap. However, in SF 6, unlike the case

in air, both the hemispherical and hyperboloidal anodes show a maximum wind speed at a similar

position on the discharge axis.

The SF6 corona wind-speed profile produced by the hemispherical anode has a more complex

structure than that produced by the hyperboloidal anode. It is likely that this is due to the existence

of streamers in the discharge for the hemispherical anode. In an SF6 corona, the incidence of

streamers increases with time due to modification of the point electrode (MacGregor et al., 1986).

MacGregor et al. (1986) found this modification of the point electrode to be due to metal-fluorine

reactions. The fluorine is produced in the corona discharge by the dissociation of SF 6 and interacts

with the electrode surface. This interaction modifies the electrode surface properties and this can

cause appreciable changes in discharge behaviour. The hyperboloidal anode showed less streamer

activity and this is because the intensity of the electric field at the hyperboloidal-anode tip is

substantially greater than at the surface of the hemispherical anode, and the corona discharge exists

in a more concentrated volume. As a result, the positive hyperboloidal tip is bombarded by electrons

of both higher flux and higher energy than is the case for the hemispherical anode. This high rate of

electron bombardment keeps the hyperboloidal tip relatively clean and free of corrosion and deposits

produced by SF 6 dissociation products.

The effect of the streamers which occur at the hemispherical-anode tip is to inject small bursts of

high-speed wind into the discharge gap and this increases the complexity seen in the wind-speed

profiles for the hemispherical anode due to enhanced circulation following reflection off the plate

electrode. Figure 6.9 shows the radial profile for the hemispherical anode becoming more irregular

on moving towards the cathode. This may be because radial profiles were taken in turn, on moving

from anode to cathode and the longer the discharge was running the more pronounced was the

streamer activity.

6.3.2 The corona wind speed in SF6 and the corona current

As for the corona wind in air, the corona wind speed in SF 6 is predicted to be proportional to the

square root of the corona current. Figure 6.10 shows the corona wind speed, on-axis and mid-gap,
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for different corona currents and discharge parameters. Up to a corona current of about 70 [to for

the hemispherical anode, the data for discharge pressures of 10 kPa and 20 kPa are similar. At higher

corona currents, in the 20 kPa discharge, with the hemispherical anode, streamers were prevalent

and this is observed as an increase in the mean corona wind speed at these high current values.

The lines drawn through the data of Figure 6.10 are curves of I 05 through the hyperboloidal-anode

data and / 04 through the hemispherical-anode data. This may be further evidence that the corona

discharge obtained with the hyperboloidal anode is more regular and less affected by

electrode-surface modifications.

The effect of the corona current on the radial wind-speed profile is seen in Figure 6.11 for the

hemispherical anode at 20 kPa gas pressure and at the mid-gap position.

Figure 6.10
	

Corona wind speed at various discharge currents for the 6° hyperboloidal and 2 mm

hemispherical anodes.

OFFPS position - 10 mm below anode, discharge gap - 20 mm.
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Figure 6.11
	

Radial profiles for the 2 mm hemispherical anode at corona currents of

25 ytA and 50 p.A. OFFPS position - 10 mm below anode, SF 6 pressure - 20 kPa,

discharge gap - 20 mm.

6.3.3 The effect of pressure on the corona wind speed

As discussed in Chapter 2, the pressure in a corona discharge controls the mobility of the ions in the

gas and. in general, as the gas pressure increases, the ion mobility decreases, causing the current at a

given voltage to fall. Thus, the corona onset voltage of a corona discharge increases as the pressure

increases. Figure 6.12 shows data obtained for the corona onset voltage in SF 6 as a function of

pressure, when using the 2 mm hemispherical anode point-plane electrode configuration.

On the other hand, changing the SF6 pressure has little effect on the corona-wind speed. This is seen

in a comparison of the profiles of Figures 6.13 and 6.5 obtained at pressures of 10 kPa and 20 kPa,

respectively. The general trends of the corona wind are the same at the two pressures although the

increased activity of streamers at the higher pressure results in an increase in the complexity of the

overall profile. The maximum speed of the wind is around 1.0 m/s at 10 kPa and 1.6 m/s at 20 kPa.

For both pressures, the axial maximum occurs at 5 to 6 mm from the anode.
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Figure 6.12	 The onset voltage of a corona discharge as a function of SF 6 pressure with

the 2 mm hemispherical anode.

Figure 6.13	 Corona wind speed profile for the 2 mm hemispherical anode.

Corona current - 25 [tA, SF 6 pressure - 10 kPa, discharge gap - 20 mm.
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Radial profiles for the 2 mm hemispherical anode at a corona current of 50 [tA for SF 6 pressures of

10 kPa and 20 kPa are shown in Figures 6.14 and 6.15, respectively. At the gas pressure of 20 kPa a

higher maximum wind speed is obtained, although the wind speeds fall to similar values on moving

away from the anode. The profiles for the 20 kPa discharge with a hemispherical anode again show a

greater degree of complexity, probably due to the enhanced circulation brought about by the action

of streamers.

Although these steady-state three-dimensional and radial profiles do not provide directional

information on the corona wind, because the OFFPS measures the cooling effect of the total wind

impinging on the fibre from all directions, the additional peaks at both pressures at radial positions

between 6 and 10 mm from the axis indicate that recirculation does occur.

A theoretical analysis of the corona wind has been presented in Chapter 2, Section 2.4.1; and

Section 2.4.2 discussed the effect of pressure on the corona wind. The theory predicts that the wind

speed should be independent of the gas pressure, because the product of the gas density p g and the

positive ion mobility b remains constant as pressure varies. In order to account for the fact that the

SF6 pressure of 20 kPa produces a higher corona wind speed than the SF 6 pressure of 10 kPa it is

necessary to first examine the product p gb, to find if, indeed, it is constant throughout the discharge

conditions used in this investigation.

Table 6.1 gives the values for various discharge parameters required in the calculation of p b at SF6

gas pressures of 10, 20 and 100 kPa. The 100 kPa information is included for purposes of

comparison. The corona current and voltages are those used in the present experiments and from

these, an average electric field strength was calculated by dividing the voltage by the length of the

discharge gap. The value of the neutral density was approximated using the Loschmidt number

(2.68719 x 10 19 cm-3 , Handbook of Chemistry and Physics, 1963), permitting an estimate of the

value of E/N for each SF6 pressure. The reduced mobilities for positive ions in SF 6 are obtained from

Figure 2.7 and hence the actual mobilities determined using the E/N estimates. Values for the

density of SF 6 were obtained from SF 6 product information (Commonwealth Industrial Gases). The

resultant p b values are found to be the same for all three pressures.
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Figure 6.14	 Radial profiles for the 2 mm hemispherical anode at SF 6 pressure of 10 kPa.

Corona current - 50p.A, discharge gap - 20 mm.

Figure 6.15	 Radial profiles for the 2 mm hemispherical anode at SF 6 pressure of 20 kPa.

Corona current 50 vA, discharge gap - 20 mm.
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SF6 pressure 10 kPa 20 kPa 100 kPa

E- electric field (V/m) 3.75 x 105 6 x 10 5 11 x 10'

N - neutral density (m -3 ) 2.93 x 10 24 5.87 x 1024 29.3 x 102'

E / N (Vm2 ) 1.28 x 10-19 1.02 x 10 -19 0.375 x 10-19

bo - reduced mobility (m2/V s) 0.6 x 104 0.6 x 104 0.6 x 104

b - mobility (m2/V s) 6.5 x 104 3.3 x 104 0.65 x 10-4

pg - gas density (kg/m 3 ) 0.65 1.3 6.5

pgb (kg/V m s) 4.2 x 104 4.2 x 104 4.2 x 104

Table 6.1 - Calculation of p gb for SF6 at various pressures.

It appears, therefore, that the higher corona wind speeds associated with the SF 6 pressure of 20 kPa

are most likely due to the increased prevalence of streamers. Associated with any streamer is a burst

of high speed corona wind (Tajalli et al., 1989) which, although short lived, increases the average

momentum of the neutrals within the discharge, and increases the complexity of the wind profile.

6.4 The corona wind speed in air and SF6

Although the pressures for the air and SF 6 studies are quite different, a comparison between the air

and SF6 results is possible, since, as shown earlier, the corona wind speed is independent of the gas

pressure. The corona wind speed measured at gas pressures of 10 kPa and 20 kPa should be similar

to those which would be obtained at an SF 6 pressure of one atmosphere under steady glow

conditions. Of course, steady glow conditions do not occur in SF 6 at atmospheric pressure as SF6

corona discharges occur then as streamers. Indeed, the corona wind flow associated with an SF6

corona at any pressure greater than about 30 kPa will show substantial complexity due to the

presence of streamers.
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It is instructive to compare the corona wind-speed profiles for atmospheric air and 10 kPa SF,

coronas. Figures 6.16 and 6.17 show three-dimensional wind-speed profiles for corona discharges in

10 kPa SF6 and atmospheric air, respectively, for the 2 mm hemispherical anode. The SF 6 corona

discharge has a smoother profile than the air corona as the smaller wind speeds means that the wind

is not impinging on the plane electrode with as much force and thus recirculation of the flow is not

as pronounced. The position of the maximum axial wind speed is similar for both systems with that

for SF6 being slightly further from the anode.

The main difference between the two sets of data is that the maximum wind speed in air is 5.5 times

that in SF6. The corona wind speed should be proportional to I° 5 , where I is the corona current, and

inversely proportional to (p gb)", where pg is the gas density and b is the ion mobility. Table 6.2

documents the determination of pgb for atmospheric air, for comparison with the p gb values already

deduced for SF6.

Values of pgb in Tables 6.1 and 6.2 reveal that p gb in SF6 is just over 4 times that in air. Assuming

that the geometrical factor g and the energy loss coefficient K from Equation 2.17 are similar for air

and SF6 the wind speed is predicted to be inversely proportional to (p gb)° 5 so that the corona wind

speed in SF6 should be about half that in air. The experimental result that the speed of the corolla

wind in SF 6 is smaller than that in air agrees with the simple theoretical analysis, but the fact that the

speed in SF6 was measured to be less than half that in air can probably be attributed to a difference

in the energy loss coefficients for the two gases.

Air at 100 kPa

v - ion velocity (m/s) 70

E - electric field (V/m) 9 x 105

b - mobility (m2/Vs) 0.78 x 10'

pg - gas density (kg/m3 ) 1.28

pgb (kg/V m s) 0.99 x 10

Table 6.2 - Calculation of p gb for atmospheric air.
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Figure 6.16	 Corona wind speed profile in an SF 6 corona discharge for the 2 mm hemispherical

anode, SF6 pressure - 10 kPa, corona current - 50 IAA, discharge gap - 20 mm.

Figure 6.17	 Corona wind speed profile in an air corona discharge for the 2 mm hemispherical

anode, atmospheric air pressure, corona current - 50 IAA, discharge gap - 20 mm.
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The presence of streamers in a corona discharge will act to increase both the speed of the wind and

the complexity of the profile. The mean corona wind speed in an SF 6 corona discharge at pressures

greater than an atmosphere is likely to be greater than the speeds measured here and the flow would

be expected to show a high degree of variability in both space and time.

For low-pressure SF6 coronas, the optical fibre sensing interferometer can be used for corona -wind

measurement over a range of one or two mm from the corona point to tens of cm from the point. In

higher-pressure coronas, above about 25 kPa, streamer activity, and the resultant vibration of the

measuring fibre, precludes the use of the fibre sensor in the immediate vicinity of the corona, but it

can still be used to obtain quantitative information on the corona wind outside the region of streamer

activity.

The fibre vibration caused by the streamer activity is observed as an oscillation in the

interferometric fringe-shift pattern. This has the potential for use in corona detection in high-voltage

SF„-insulated systems. When SF 6 is used in high-voltage gas insulation systems, it is at pressures up

to 800 kPa and the corona discharges which occur in these systems would be expected to operate in

the streamer regime. Coronas within the system act to dissociate the SF 6 and degrade its dielectric

strength, and much research has gone into producing a technique for monitoring SF 6 for the presence

of corona discharges (refer to Section 2.5.3). The sensitivity of the OFFPS to streamers suggests that

it could be used to register the presence of a corona discharge within a gas-insulated system where

high pressure SF 6 is used. Further work needs to be carried out to determine the distance over which

coronas could be detected within a closed system by an OFFPS.
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