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ABSTRACT

An ion mobility scanning lon chamber has been developed for fleld use ard th2
ion concentrations over the mobllity range 2,77 - 0,004 x VD"k w2/V.sec have
been measured for both rain induced ton phenomena and for relative humidity

“” ’ induced ion phenomena under 400 kVAC transmission lines.

The rain induced ion phenomena produced ion concentretions in excess of 1,8 x
10t2 ions/m3. which was the saturation level of the lon chamber. Such &
concentration moved by the wind would induce @ potential of about 8000 v. in
an insulated object of 100 pF capacitance.

w% The relaiive humidity induced phenomena shows preferential fon mobilities, and
‘ thus wolecular clusters, with fon concentratice: greater than 10'' tons/m3. &
curve fit relating ion concentration and relative humigity has baen obtained
with a correlation coefficient better than B4% and the possible water vapour

: cluysters have been identified.

The ion mobllity scenning ion chamber is deseribed and also a small potential
free spherical probe, with a low perturb.i'ang effect on the electric fleld,
used for the measurement of A.C. electric fields, and especially around

irregular structures.
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SNTRODUCTION

Trhis dissertation reports the observations made in the field under B300KVAC
Transmission Lines of the ionisation of the atmosphere from two different
climatic conditions: rain and relative humidity. The ion concentrations over
a range of ion mobilities, from 2,:7 to 0,004 x 10‘“m2/V439c., have been
measured in a series of experiments which are belleved to be the first time
the ion mobility spectra under a high voltage transmission line has been

obtained.

To be able tc¢ make these measurements, it was necessary to build a moblility
scanning ion chamber, to test it under simylated fizld conditions, to build a
lo weathe station and to programme a data acquisition system, auch that
the whole instrumentation could be ‘eft in the field for a number of days (14)
unattended, during which time near simultanecus measurements of positive and
negative ion concentrations are obtained for one of 13 jon mobilities, The
near simuyltaneous time between the positive and negative ion measurements is
one minute: the time of one scan of positive and negative ion concentrations
At the 12 ion mobilities takes 30 minutes Iinclusive of twe readings of

climatic and other data during that period.

Section 1 of the dissertation deals with the rain induced ion phenomena. This
takes place when rain wets the energised conductors of the transmission line
and corcna power loss occurs: in the field condition this would be about
170kW/ KM for rainfall of 60mm/hour. Tae ion clouds so genersted are an abrupt
phenomena coincident with the rainfall, but existing forvlong periods of time
after the rain has ceased, Section 2 deals with the humidity effects on the
jonisation of the atmosphere, This is a more subtle effect since the relative
humidity bullt up on a daily cyele to a point where fog occurred. At this
point where the relative humidity is high the ifon concentrationsg increased
with a marked preferential ion mobility, Which 1s an indication of tie
preferen&ial clustering of the witer vapouw molecules, From these
observations a curve Tit has been obtained for ion conszentrations versus

relative numidity with a correlation coefficient of better than 30%.




The two appendices describe the essential instrumentation. Appendix 1
describes the mobility scanning ion chamber, the testing of the ion chamber
and the ion mobility spectra obtained from the lon chamber from water spray

induced jonisation in a closed atmosphere, and from rainfall in the field.

Appendix 2 describes an AC field meter. Such a meter was rejuired to record
the AC fleld under the transmission lines and the effects that ifon clouds
would have upon the reading. The instrument described in Appendix 2 was
daveloped from the field instrument: it ir essentially potential free due to
the very high insulation offered by the optical fibre transmission of data to
ground level, it offers a minimal perturbation of the field becauss iv is
spherical and vith a small diar..er of about 60mm, The sphere, being powered
by small coin size batteries, has an accuracy in high fields determined by the
tattery voltape, and consequencly it is essential to know the battery voltage
when the instrument is used for plotting equipotential points around irresgular
structures, such as conductor clamps, This has been achleved in a novel

manner such that the batiery voltage can be monitored continuously.

The four reports which comprise this dissertation are taken individually,
since they investigate different aspects albeit of the same subject., For this
reason each report is composed as an individual report with its own
references, since it is hoped that by this means the subject is presented in a2
more clear and rational manner.




SECTION 1

RAIN INDUCED ION PHENOMENA UNDER 400 kV AC TRANSMISSION LINES

Abstract: The lon concentrations for 13 ion mobilities from 2.77 to 0.004 x
107" m2/V.sec have been measured in rain conditions under a 400 kV AC
transmission line. Ion concentrations greater than 1.8 x ‘,C)12 ions/m3 have
been found.




introduction

The measurement of the f{on current density under HV DC transmission lines has
besn investigated [1) [2] [3] ip fair weather conditions where tne DC cor¢na
effects are the worst case, whereas the AC coroni effects are the worst case

during rain [11].

The ion mobility values generally found in fair weather conditions are [1],
for positive lons, 1.99 «x ‘IO"4 mz/v.sec and negalive fons, 1.4 x H)'u
mzlv.sec, although more recent work [2] suggests tnat both positive and
negative fon mobllitfes of 1.7 x 107¥ p2/V.sec could be used. Laboratory
measurements [3] svggest 2.1 x 107 m2/V.sec for positive fons and 1.36 x 1074

mzlv.sec for negative ions in dry air.

This paper presents the results of measuring the fon concentration for fon
mobilities of 2.77 x 107" m?/V,sec to 0.004 x 107 n?/V.sec (41 during rain
condiions under 400 kV AC.

Theoretical Aspeots

The AC corona power ioss in fair weather is found from Peek's equation [5].
The geometry of the 1line influences the surfece potential around the
conductors which determines the corona inception potential, and the corona
power loss is inversaly proportional to the relative air density.

5

2 -
(Ve Vo) 10 KH/ ke )
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where I 13 the applled frequency, § = relative air density (= 2,941 x 10-3 —:‘\,
where P = atmospheric air pressure in Pascals ana T (s absolute témperature),
a = conductor r: fus, S the separation between the rentres of the conductor,
Ve s the RMS voltagz to ground and Vo is the ccrona inception voltage. This
latter i3 given as 21.1 xV/em by Cobine [5] and 19.7 kV/cm elsewhere. [1],

The corona loss in raln Is proportional over most normal rates to the

logarithm of the rajafall rate [6].
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where Ppy « corona power loss for falr weather, V = phase to phase voltage in
¥V, r =« radtus of conductor in om, n « total number of conductors, E =
potential gradient of the underside of each conductor, kV/cm, ® = &n
exponent = 5,K = & wetting coefficlent = 10 if R is in mm/nour., R = rajinfall
race, J = loss-gurrent constant. J « 5,35 x 10':\0 for 500 xV and TOOkV, =~
7.04 x 16710 for 400 KV configurations. The term | [E™] requires that each of
the n oconductors of the line are ireated separ?z‘ely. the gradient on the
underiide of the conductor is raised to the fifth power ana Lic results are

summed.

Figure 1 shows a sketch of the site where the lon measurements were made.
There are three ? phese lines spaced 30 m centre wire to centrz vire., Each
conductor bundle forms an equilateral triangle of side 38,1 om using aluminium
condurt >rs of 35.5 mm diameter. The phase to phase spacing is 10.8 m. The
fon chamber ic situated 21 m from the centre line of the central line and an
audio noise monitor and electric field monitor are slitusted under the centre
line. 800 m to the west is a 400 kV switchvard and the area is rural with
motor venicles only in the morning and evening guing into the switchyard from
the western entrance. Figure 2 slows the corona power loss computed from the
Bonneville Power Administration computer programme. From the same programme,

the radio interference (RI) is given as;
Fair L50, 39 d8 : Rain L50, 56 dB.

The audible noise (AN) is glven as;
Fair LS50 16 dB : Rain LS50 4! dB.

The ion chamber vcompletes a scan of 13 positi.e and 13 negative ion
concrntration measurements for each of the 13 ion mobility values in 30
minu:es. The negative ion concentration is measured by the same ion chamber
one minute after the positive jon measurement 50 they are essentially
simultanecus. CTlimatic and other parameters are measured twice for each 30

minute scan.
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Effects of Rain

The rainfall was measured by a tipping bucket system and tne ciimate
conditions were somewhat abrupt thunderstorms where there was a heavy rainfall

preceeded vy fair weather.

Figure 3 shows the rainfall measured. The total rainfall is 56.8 mm over
scars 158161 which represent 90 minutes giving a rainfall rate of 37.87
mm/hour which rom Figure 2 indloates a corona power loss of about 148
W/ km.

The fair weather ion spectra for scan 156 are shown in Figure 4, +ve fons,
Figuwe 5, =~ve lons, and Flgure 6 the spacecharge being the negative icns
subtracted from the positive fons for the related lon mobility. Positive fons
(280 x 106/m3) predominate for the light lons (0;. N‘, CO;) and there are also
+ve ions in the 0.037 - ..01 x 10°¥ mzlv.aec mobility range. The fon chamder
is not specifically designed for natural background ion levels, where these
levels represent an fon current of about 10'13 amperes, and about 1 mV
output., The ion chamber reads a maximum of !0"9 amperes representing 10V
output, and this corresponds to 1.56 x 10'2 1ons/m3.

lon mobdbility spectra taken for scan 159, at which point some 49 mm of rain has
rallen, are shown in Figure 7 (+ve), 8 )-ve) and 9 (spacecharge). From these

t can be seen that the lon chamber has saturated at about 2 x 1012 tons/m? in
one instance for positive ions and two instances for negative ions. These are
reflected in the spacecharge spectra where the overall effect appears to be
negative. It should be polnted out that {f the ion current density
measurements had been done with a "Wilson plate" method [7] [8] the value
would represent the integral of the positive and negative fon concentrations,

since the current density J, is given by [9] [10].
J = next (3

where n 18 the ion concentration, e the electronic charge, k the fon mobility

and I the potential gradisnt,




Figures 10 (+ve), 11 (-ve) and 12 (spacechargs) for scan 165 shows tne
woblliity spectra when the raln has almost ceased and 4,5 hours after the rain
commenced (v scans at 30 ain. per scan), lHere, the positive jons predominate
with the fons > 2 x 10'2 tons/m3 over the wobility range 0.85 - 0.2 x 10'“
m?/y.sec, with only the fnitial moblifty ramge of 2.77 - 1.0x 10~ m2/V.sec
showing a Saturated negative fon peak. These show in the spacecharge speotra
that the integrated lon c.rrent density would have been positive.

Figures 13 {(+ve) 14 (-ve) and 15 (spacecharge) for scan 17C shows the spectra
for scan 170, which is 6,5 hours after the initial rainfall, and the
spacecharge s&pectrum is essentislly that for Figure 12, (Note that the
spacecharge figures are lines, whereas the ligures for +ve and ~ve ions are
logarithmic m scale),

From these spectra It can be sean that the {mportant ion mobility values for
rain are the first two, being 2,77 x 1.0 ¥ 1074 52/v.sec, 0.85 = 0.6 x 107¢
mzlv.sac‘ and also that for 0,037 -~ 0.02 x \o"‘ mZ/V.sec there appears Lo be a
shift from the light fons to the next lowes spectral value and a speclal ifon
concentration in the latter ion mobility value. This must be due to
preferential R20 clusters (+ve ion groups) and attachments (-ve lon groups)
with a grouping of N (H20> for the +ve ion peak at mobility 0.037 ~ 0.02 x
?0'“ 22/V.8ec where N is an integer representing the number of molecules.
Figure 16 shows a long time period with five ineldents of rain, one of which
reaghes 48 mm at scan 225. The period of 50 svans covers a time of 25
hours. Figures 17 and 18 show respectively the »ve and -ve ion concentrations
for the mobility range 2.77 - 1.0 x 1074 mzlv.sac and the long period (6.5
hours) of saturation (» 2 x 10'? tons/m3) for -ve fons following on the heavy
rainfall period vommencing with scan 224,

Figures 19 and 20 show the ion concentration for the mobility range 0.8%5 - 0.6
x 10'" dz/v.sec. and here the +ve ions saturate In & gradual build up from
scan 209 where no rain is indfcated In Figure 16, Figures 21 and 22 show the
lon concentrations over the mobility range 0.037 ~ 0.02 x 1074 m2/V.sec. and
these, whilst showing concentrations > 10” ions/m3 are not large enough to
satyrate the ion chamber, The evidence indicates that the heavy rainfall
commericing on sgan 224 terminates the light positive lons (Figure 11) and




Initiates the very large ion concentration (Figure 18). Nu such coincidence
is shown in Figures 19 and 20, but Figure 22 shows the -ve jons belng
terminatea with the period of heavy rainfall.

Figure 23 shows the spacecharge sum for the scans 210 Lo 225 being the svm of
ion concentrations of al: ion mobility for each scan from the ralnfall whioch
commenced in scans 202 - 204, This spacecharge shows an increasing positive
spacecharge which becomes negative at the commencement of the heavy rainfall,

Effects of Wind

Figures 24 and 25 show the wind direction relating to the ion measurements of
Figures 3 - 15 an Figures 10 - 23 respectively. For the same period, Figures
27 and 28 show the wind velocity,

The wind direction is shown on a linear scale with north at 360° and at 0°,

130° is south,

Over the periods for the ion spectra for scans 15 159, 165 and 170, the wind

direotion was north, with scan 165 and scan 170 in an easie ., 2~ _.loa.

Consequently, scan '5° is representative of the corona from the northernmost
line, whereas 165 a}d 170 could be representative of a wiad blowing along the
lines towards the fon chamber from the east: this would perhaps explain the

very high concentrations present.

The wind velocities for the scans 156, 159, 155 and 170 was low, of the order
of 1 m/sec (3.6 km/hour) as shown in Figure 26, For scans 200-250, the wingd
direction was relatively steady from the northwest until scan 220 where {t was
generally easterly, and then became northerly thereafter., The wind velocity
was generally light; 0.3 m/sec. except for a peak of 9 m/sec (32.4% km/hour)
colncident with the hesvy rain at scan 225, The very large +ve {on
concentrations do not appear to fit the wind pattern, except the -ve lons of
Fizure 19 and Figure 20 fall into the east wind period. However, the light
mobility lons coincide with the high wind velocity: +ve ions cease, -ve fons

comnence as shown in Figures 17 and 18,




The effect of high wind velcoities at ¢ 4ot of a storm would give
turbulent Ixing of the ions, Whv this skl ¢ initiate .=~ stop lons of one

polarity .a not clear.

Effect of Temperature

The rainfall is colncident with the relatively abrupt temperature drops of
Figures 28 and 29. In general, the temperature drops from 2B°C to 15°C. This
change of 13°C oould be expected to change the vertical height of the
transmiasion line conductors, especially with rain falling upon them, and
therefore the potential gradient. There does not appear to be any coincidence
with the temperature, although equation (1) implies a degree of direct
proportionality. The effect s no doudt masked by the more intense effect of
the rain.

Radio Interference RI

Radio interference i85 a direct result of ocorona: whether this is due to the
conductor, or to the insulators. Cap arcs are a strong radio nolse source,
and these can arise fror imperfeot coansctions, or from a loreign budy on the
line. Figures 30 and 3! show the relevant RI values obtained at 850 kHz and
20 dBs attenuation. The fair weather level I8 about 67 dBs (relative
to 1uV), which is 26 dBs greater tnan that predi{cted. The rain valuess are;
ror Figure 30 at scan 15%, 70 dB, being 16 dBs greater tnan predicted for the

L850 rain value. This peak does, however, colncidge with the rainfall,

The rainfall peaks of scans 225 and 230 produce very small increases in RI,

being 14 dBs greater than predioted,

The inference here is that there is a gap nolse source providing some 26 dBs
of RI in falr weather, although such noise usually diminishes with rain and
this {8 Indicated by the RI being only 14~16 dBs higher than the predicted

value for rain.




Audible Noise (AN)

The BPA prediction for audible noise ls exceeded by the measured values shown
in Figures 32 and 33, These figu-es are not A weighted.

The lowest value of some 48 dB is 32 dBs greatrr than the fair weather L50
predicticn of 16 dB. The rain predicted vaiue LS50 {s 41 dB, Figure 32 does
show an increase In AN colncident with the incepiion of raln at scan 158 and
Figure 33 shows two AN peaks coincident with rain fall at scans 204, 224, 230
and 245, However, there does not appear to be a general AN (increase
coincident with jon concentration, and i( is thought that this is masked bdy
the gap noise and that the AN peaks are storsi related rather than corona

related,

Potential Gradient

The remotely read potential gradient meter does not show a rain related peak
ir, Figure 34, However, the potential gradient in Figure 35 does siow the two
heavy rainfall peaks of scans 224 and 230. The fluctuations in Figure 34 are
thought to be due to ifon elouds, but the large change in Figure 35 from 1.4
kKV/m to 0.6 kV/m at scan 218, which then reverses at scan 250 does not seem to
be related to the ion clouds. However, the potential gradient yinstrument is
about 21 m from the ion chamber 8o there could have been an intense ion cloud
at that point which was not measured al the fon chamber.

This large drop in potentlal gradient does commence with the wind direction
change (see Flgure 25) but it does not terminate with a similar wind direction
change, and wind movement of the instrument can be ruled out.

The potential gradient meter would show a reading of about 20 kV/m if the body
of the Instrument, or one of the electrodes, became connected to earth. This
would then be the potential at that point in space. This does not explain the

two peaks at scan 224 and 230.

The Instrument, which is an AC reading unit, is switched on via an optioal

Co fibre syiatem just prior to a measurement. The reading of tne instrument for




the data aocquisition system takes approximately 5 seconds. There {s &

possibility that there was lightning close by which caused these peaks,

The BPA prediction was 1.4 kV/m at the instrument site at a height of 1.8m.
The instrument reads initially (before rain) 1.2 kV/m which is in good

agreement.

Atmospneric Pressure

The rir pressure varlations of Figure 36 range from 0.Bu46 x 105 P at 2B°C to
0.825 x 105 P at 18°C. The relative air density, &, varies only from 0,827 to
0.834 giving rise to a change in the first term of equation (1) of 0.83%.
This effect in the fair weather corona 18 imperceptable in relativn to the

extreme reactions in corona due to rain.

There appcars no change in the ion concentrations for the low pressure

depression between scans 210 and 240.

@lscussion

The 1 .. concentrations desoribed in this paper are the spacecharge densities
for different mobilities., Where the net spacecharge, being the sum of all the
spacecharges, 1s remote from an eleoctric fleld, or where that fleld, E V/m.

provides a veloecity, V a/sec, which is small compared to the wind velocitiy,

w, then the convection current Jg amps/mz, is given by [9];

2
JC = w Q amps/m (%)
when

Wy kB m/sec

and Q@ = n @ coulombs, the total unipolar ion concentration multiplied by the

electronic charge.

For an insulated conducting onject with a capacitance C farads to ground, then




the potential to which it will i ise depends only upon

Vo fo. o %)

s

This requires that the wind ir stable and non-turbulent so that the ion cloud
is driven at a steady veloclty into the conducting object.

For a wind velocity of 1 a/sec, the convection current ior the spacecharge of
Figure 9 would be -6.08 x 1077 ampa/mz/sec and for Figure 12, + 8,64 x 1077

amps/mzlsec, and these would induce a potential of - 6080 volts and B640 volts
respectively into the 100 pF capacitance.

Where the electric field provides a dominant effect over the wind velocity,
then the ijon ccncentrations at different mobilities provide the ion current

density 23 given in equation (3).

To equate the present findings with those obtalned from high voltage DC
transmigsion lines is diffleult because the conductor potential change in the
AT case causes the ions to move in opposite directlons in each half wave.

Furtror, the ion current density refers to the vertical component.

Table 1 shows the 75 percgentile values [12] obtained under fair, fog and rain
weather conditions: to arrive at the ion concentration the problem is what ion

mob’lity should be used,

The ion concentration was calculated using the generally accepted values for
fair weather forn mobilities. The rain value for the ion mobility s

« 0,.7 x 10-u mz/v.seo as shown in Figure 19, and the {fon concentrations
required to provide the same ion current density under rain are therefore much

greater,

Similar jon curren:i densities for fair weather have been found by Maruvada
(13]: the maximum values at the 99% cumulative probability level were about
-850 nA/m2 and + 650 na/m? with an electric Tield of 4% kV/m. This gives an

ton concentration of 6.56 x 10'' lons/n3 for negative lons and 6.45 x 10"’

tons/m3 for L8itlve fons using the fair wealher fon mobiiities of 1.8 x 1o7H




ml /v, sec for negative ions and 1.5 x 1074 m2rv.sec for positive fons. From
Flgure 9 the spaceharge for scan 150, the ion current density would be the
scan of the currents due to the different fon mobilities. This applies also

to the spacecharges found for scans 165 and 170.

Tabie 1 Potential Gradient and Ion Current Density
00 kV DC 12,1m Pole spacing 10.7 m Line height

Fair Fog Rain
Electric Field
KV/m
+ve 22.5 22.5 30
-ve 20 28 28
Non-Current Density
x 1079 a/m?
*ve 60 80 160
-ve 40 160 100
Tons x 101 /m3
+ve .19 1.59 1,85 ko= 1.ax1070 m2,se
-ve 0.69 1.2k 128 k= 1.8x107% m2/V.se
Ve - - 2.98 k= 0.7x107% m2/V.se
-ve - - 319 k= 0.7x107% n2/V.se

The electric field external to the ion chamber is 1.4 kV/m (at 50 Hz). Table
2 shows the lon current densities for Scan 159 and Table 3 shows the ion

current densities for scans 165 and 170 for these are virtually identical.

These two tables show the effects of differenrt ion mobilities, and these would
be the currents induced into an insulated conducting object at that point in
the electric field. The current found in Table 2 would produce ~813 volts
across an object of 100 pF. The true values of the lon o ncentratior are

unknown and the lon mobility spectra represent 30 minutes between the first




and last mobility measurements, 80 although the ion concentrations at the same
mobility for positive and negative ions represent a time difference of only

one minute, this does not necessarily represent a true spectra since at the

Table 2 Ton Current Density Scan 159
Mobility Ions + J ~J
x 1079 m2/v.sec x 10323 x 1078 arm? x 1078 a/m?
1.8 1.8 7.26
c.7 1.8 2.82
0.5 1.8 2.02
0.03 1.0 0.067
1y 2.02 10,147
g - - -8,128 x1078 a/n?
Table 3 Ion Current Density Scans 165 and 170
Mobility Ions +Jd -d
x 107% né/v . sec x 1072/m3 x 1078 a/m2 x 1078 a/m?
1.8 1.8 7.28
0.7 1.8 2.82
0.5 1.8 2.02
0.3 1.8 1.21
0.03 1.8 0.121
1 6.173 7.26
Je - g- ~1.09 x 1078 a/p2

final mobility measurement the values measured al the initial mobility were
taken 30 minutes previously. In the field under storm conditions the wind

direction and velocity could have changed the ion concentration,




Conclusion

Very large ion concentrations have been measured under 400 kV A7 transmis. ~n
lines as a result of rain. These cencentrations would appear to exceed by an
order of magnitude those measured around HV DC transmission lines, but it is

thought that the ion spectra has been shown for the first time,

The saturation of the ion chamber is due to the very high corona loss under
heavy rain, What i{s of great interest i3 the long length of time that the lon
clouds exist, and also the abrupt changes in the ion cloud polarity.

These changes of ion cloud polarity are not easily explained by electric field

or lonisatlon factors. The most probable reason iz turbulent w’ Y mising.

Wnilst a unipolar fon clouo will exist under condit ons where the wind
velocity has a greater effect on the directlion of the ion cloud than the
alectric field, in the immediate area around the transmisaicn line the ion
mobility spectra determines the lon current density which would change an
insulated conducting object. With the presence of both positive and negative

ions, this ion current density varies greatly.

P
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HUMIDITY EFFECT3I ON TONISATION OF THE ATMOSPUE
LINES

AROUND 800 kv AC TR

Abstract: Using a m. .lple nlate aspirated ion chamber the ion concentrations

for ion mobility from 2.77 to 0.004 x 107 w2/V.sec have been measured durling
a period when the relative hum:di.y varied from nearly 100% to 40% on a dally

basis. Concentrations greater than 1.5 X 10'2 tons/m3 nave veen found. The

average spacecharge de

i3 shown to be positive for a section of the time

with individual ion

eone

.rations in excess of 2 x 10'" fons/m3,

Tv> eurve

it for certain ion mobilities has a correlation coefficient of betier than
B0% for fon concentration versus celative humidity. Some possible H,0

molecular groups are identified from the lon mobility spectra.

Keywords: Transmission Lines; lonisation; Relative Humidity; lon Mobility.




HUMIDITY EFFECTS ON IONISATION ¢
LINES

o
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THE ATMOSPHERE AROCUND 400 ¥ AC TRANSMTSSION

Abstract: Using a multiple plate aspirate ion chamber the ion concentrations

4 me/v.sec have been measured during

for fon mobility from 2.77 te 0.004 x 107
a period when the relatise rumidity varied from nearly 100% .o 40% on a daily
basis. Concentrations greater than 1.5 x 10'2 {ona/m3 nave been found. The
average spacecharge density {5 shown to be posiiive for a section of the time
with individusl fon concentrations in excess of 2 x 10'' tens/m3, The curve
fit for vertain ion mobilivies has a correlation coeffic.wat of bettsr than
B80% fcr ion concentration versus relative humidity. Some possible Hy0

molecular groups are identified from the ion mobility spectra.

Keyworde: Transmission Lines; lonisation; Relative Humidity; Ion Mob'lity.




Introduction

Thne -~esults glven in thls paper were obtained underneath three 3 phase 400 kV
AL tranasmission lines using 35,5%mm Jdiameter alusinium conductorz configured in
a 3 vundie equilateral triangle of dimension 38,%em. The phase to phase
spacing 1s about 10.8m with 21m sgpacing between the three lines, The height
of the conductors where the measurements Sook place was 22r. The line was not
a standard span as it was the span to a straln tower where the line bent
preparatory to entering a switchyard some 400m distant., The altitude Is 1540m
and these measurements were taken after an interval of heavy rainfall which
had ended & long drought cycle and llowing the rain, fog (or low cloud)
appeared on a daily basis. The area is rural farmland with some vehicle

rraffic.

of Relative Humidity on Ton Concentrations

sres 1 to 13 show the change in ion concentration for positive fons for

"srent lon wmobllities. Each scan compriged 13 measursments of positive

ait

fong and 13 messurements of negative ions with a one minute interval belween

the readings to g vide a settling time for the ion chamber., Each of the *3
measurements were obtained fram a  sequential selection of lon chamber
collector plates such that the ion mobllity covers the range 2.77 to 0.004 x

:O'u m2/¥.sec. The lon chamber which makes the measurement ha: been described

»isewhere [1]. Figure 1 is marked at the time of each midn.ght. The period

ed in the figures is from 19 November :5 2 December 1987. Each scan
B

eqiires approximately 30 minutes and the figures cover a perioc of

Figure 14 shows a single representation of the negative

W og ~egular pattern as do the positive lons,

tre variation of relative humidity, with a very lav

Figrre 15

variation from 0% oo 100%. Foe formed when the humidity level went above
80%, The correlation tetween the positive jon concentratinsn and the relative

numidity ls very clear.
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The variability of the {on level below 300 x 106 fons/m? is due in part to the

. -12 |
corresponding very low ion chamrer current {= 10 - amperes) and also due to

other external influences: wind a.rection and speed.

The variation of air pressure is shown in Figure 16. This shows nol only a
daily variation but also a long term varlation with a low pressure region
centred between scans 280 - 400. This low pressure region is alsc apparent in
the relative humidity pattern of Figure 15, and (%t is also apgarent in ! .e lon

fon in *he positive concentration

concentration. Thus, there 1s a redu,

during the same period in Figures 2, 3, 7, 9 and 12. re is alsc a very

small indication of an increase in lons in Figures % and 10, which previously
showed virtually no fon level. This would appear to demonstrate a small

change in the ion mobility spectra.

The two spikes at scan 250 and scan 510 are due to a lightning strike along

tne transmission line which produced a trip, follced by an
reclosure of the protection elircuit breakers. This had an effect on the 220V

line voltage which supplied the eguipment power supplies.

Effect of Temperature

The dally temperature variations are shown In Figure {7, and they vary from a
low of 12°C to a high of 32°C, They are the inverse of the relative humidity
as {5 to be expected and the continual low temperature during scans 460 - §70
produce 2 continuously high relative humidity. This really indicates the
break up of the wea.her pattern of the previous period, and tnis is alse

apparent in the lon concentrations.

Effect of P

recipitation

The rainfall during this pertod was slight as is shown irn Figure 18, In
general, these small rainfalls do not affect the lon concentraticn and that

< by

the lightning sirike on the trarsmis line was distant [s demonsir

the abs nce of heavy raln on those lines. 4 local thunderstorm would give g

rainfell of ¥omm or more.

e
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Tne wind direction Aduring this period was variable, but generally between
north, east and south. The transmisszion lines run east to west. The wind
velocity, shown in Figure 19, {8 low excep. for some occasional high
velocities, These higher velocities show a coincldence with disturbance of

the ion levels, especially in Figures 1 and 2.

The periodie early morning calm periods, where the wind velocity falls below 1

m/sec, coincide in general with the high ion concentrations,

The predicted levels, obtained from the Bonneville Power Administration
Computer Programme, predicts L50, fair weather, to be 38 dB and L50 rain, to

be 55 dB.

The radio interference of Figure 20 was obtained at 850 kHz and indicates an
RI value of 55 ¢B referenced to 1uV with a fixed attenuation of 10 dB of the
instrument added on. The sudden, large reductions of RI are colncident with

the slight rainfall pattern of Figure 18,

Tne nsmall varfations of RI are colncident with relative humidity and ion
concentrations, The RI is generaily high with low humidity, and this s
congistent with the Rl coming from a gap source: arcing tends to reduce with
rain and increase with low humidity. The effect on RI of corona power lose
due to relative humidity as indicated by the small variations, i{s about 20 uV

in a general level of 170wV, a variation of about 124,

The predicted values for audible nolse were; LSO falr, 4 dB; L50 rain, 0
dB. The measured values in Figure 21 (whieh are not A welighted, Slww lave g
some 5 ¢Bs greater than expected for fair weather, and some 23 dBs greater

than expected for rain. There seems no real pattern and the audibtle noise

seems due to the gap source noise,




Potentini Gradient

The potential gradient shown in Figure 22 indicates some very high peaks and
Lrougns. The small fluctuations will be due e small changes In the
tran=uission line potential and are to be expected, The large decreases i
potential gradient are colncident with high ion concentrations, and these are
especially noticeable in Figure 2. These would be due to ion clouds shielding
the potential gradient detector, and o2onsequently reducing the potential
gradient. The very large increases of potential gradient are not easily
explained, the two lightning pulses are due to the power supply change, nct a
i~:ot reading of electrostatic voltage pulse. The instrument was remo'ely

olled via optical fibres and was switched on  just prior to a
. irement. The measurwment requires only some 2 seconds Lo be entered into
the data acqguisition system, and the large Increases In potential gradlent
ogcur over a number of scans and two measurements are made during each scan.
Consequently, the peak at scan 110 for example, existed over 4 ccans, being
eight measurements and approximately 120 minutes duration. Such an increase
cannot e cxplained by thunders® srins, which were absent. Neither cen they be
explained by excessively high temperatures affecting the transmlssion line

conductor sag, especially as the span length is only about halfl a normal span.

Ion Movility Spectra and Spacecharge

Figure 23 shows the average ion concentration versus ion mobility for positive
inng over the scans 156 - 250, These, by reference to Figures 1 - 13, cover
two cycles of humidity, and the data was restricted to the high numiditvy range
wrnlch is 93% ¢+ 3%. Tnere is a factor of ten lncrease in ion concentration

-

from the light ions, mobility 2.77 = 1.0 x 10 n*/V.sec to that .or 0.847 -

G.b mz/\l.sec and an inecrease {(n lon concentration of 20 times for mobility

4 wf /v, sec. Flgure 24 shows the specira for negative

range 0.350 0.2 x 10~
ions and the variability here was much grealer, as was mentioned previously,
referring to Figure 4. The spacecharge, beiny the negative long subtracted
from the positive ion concentration iz shown tn Flgure 25, Each of these
figures indicates a preferential mobility partern witi Flgure 23 showing 5

mobility peaks,




The result i{g interesting since the expectation was that negative fons wouid
predominate with high relative humidity, and an empirical formula has been

given [18] such that;

b X

From by v 1758 - 0,131 (log (RHDY) (6]

Where D-, D+ are the coefficlents of diffusion of the lons, k~, k+ are the ion

mobilities,

Since the ion concentration i3 related by:

N~ K=y

" -

squation 1 will Dbe related to the sguare of the {on concentration
ratio. For RH = 100%,

k= N~ -

Prdli 1.492 and g o= z.226

The empirical equation was obtalned under laboratory conditions whereas these
measurements whare cbtained In the field, but from this the expectation would

be twice the nega ive fon corzentrati n than the positive ion concentration.

Rlectric

Charge:

2, depending on

1o artificially produ ed serosels will have a o

All natur

the method by which they are produced.

Mist, or cloud, produced by the clustering of water vavsur in a near saturated
atmosphere, 1is formed in the presence of the natural potentlal gradient,

Choimers (27 reports work oy Gunn oon the measurement of charges on waler

cloucs at an altitude of 1400m with dlamelers

vapour partieles in non-raining
up to 0.0t um, and found charges of -2.0, X 10_9 C/m3, and +1.3 x 10_9 ’:./m3
for particles greater than 10 um, The cloud is electrically neutral and thus
the charge of +0.7 x 1079 ¢/n3 remaing for the remaining diameters, Chalmers
notes that the average charge per droplet may well carry more than one

electronic charge whereas others woui charge.




A charge of -2 x 10 o/m3 would, in the ion chamber, rapresent a total ion
count of 12 500 x \C6 Jons,’m3, and tris ion concentration would be over the
entire mobility range for particle sizes up to 0.01 um, he lon chamber
would detect the charge without differentiating between saingle or multiple
charges on the particles. There 18, however, considerable variability in the
resylts of other workers repurted by Chalmers who found lower values for the

chargss.

Webb and Gurn, Chalmers [4], found charges on droplets and ions in fog to be
an average of -8 x 107'% ¢/m? ror large Jroplets and +1h 10'% o/m3 on the
tons, which corresponds to an average of less than one electronic charge .

droplet,

Tne charges on rain cdrops, due to their falling through & potential s

are reportedly from i3 x 10715 c/md up to ~107'% ¢/m>, and Chalmers [5] new
the large variation of charges on the same slzed dropa which have fallen
through the same prtential g adient.

With the ion chamber, there was a wooden shield placed above the ion chamber
80 that raln would not fall directly upon the ton chamver, and especlally to
avoid rain drops Falling directly onto the firat plave, C1, vhich would lead

Lo erroneous readings.

A further experiment has been conducted with the lon mobilicy acanner 1n an
environmental chamber, which is more than 8 m3 and capable of temperature and
hunidity control and with metal walls whivh provide a Faraday screen, It was
found tha! huaidity levels up to 80% relative humidity did not produce nny
sigrificant lons, but when the humidity sprays were activated, there was a
dramatic increase in lon concentration. By reducing the relative hu idity to
about 27%, and then changing the contrels to demand 90% relative humidity, o
nearly linearly increasing relative humidity of 5.9% BH/minute was obtained
over a period of § minutes during which time the humidity sprass were on
eontinuously angd the com>lete scan of positive and negative ion mobilities and
Jheir concomitant ion concentrations were obtained. Table 1 shows the results
from which 1t can be seen tnat the water spray prod.ced quite high ion
oncentrations, but the total spscecharge was low and regative with the ion

consentrations belng very nearly equal,




Table Ion Concentrations

Water Sprays

and Ion Mobwilitties for

Environmental Chamber

Colleo or Mebility +Ve Ions

Number X ?O’k e/ sec x108/43
1 2.88-1.0 500
2 0,85-0,6 3110
3 0,54~0,4 3740
4 0,35~0,2 124
5 0,18-0,1 19600
6 0,098~0,08 5530
7 0,079~0,06 30
8 0,059~0,04 0
9 0,557~0,02 124
310 0,015~0,M 1100006
11 0,0098 0,008 28000
12 0,079-3,006 36000
13

No great acouracy is cialmed o

fon wobiiity dioof the waler

Wnen the water saprays were switched off,

tlately, and the decay haif jiv

(At

-Ve lons Spacecharges Pt
10873 x105/3
1930 -20
3260 =150
3%20 ~180
305 -271
1950 =300
5540 0
& o
15600 0
g3 ~&BU
115600 ~5200 i
24700 -500
37400 -800
62100 ~2800

Lhg

de demons

pareasas in i

L oprevinus




Table 2 Decay Half Lives for Water Vapour
Collector Mobility Range ~VE I-ns +VE Ions
No. w1074 m? TV, secs. Ty se08,
1 2,771,0 57 23
10 4,018-0.01 498 684

Chalmers (61 identified the average life of an ion as:

Over 1'nd 50 sec
Kew (Polluted) 20 sec

Over sea 320 sec

There was no indica~ion of the polarity of the lons or of the method of

measurenent,

7t should be noted that with this multiple plate ion chamber, there {8 a
filtering effect due to the previous plates, so that all {ons of mobility
higher than the mobility being measured are removed by collection before the
air reaches the selected collector plate. This includes the first collector
plate, C1, because thie is preceeded by an sarth plate of lem which will limitv
4

the onset mobillity 2t the leading edge of C1 to 2.77 x 10 m? /v, sec.

Ion Mobility

The induced current into an insulated metallie structure from an ion cloud has
vesn studied [7] and depends upon the current density J amp/m? of the ion

SIS

J = nekk i2)

where n fon concentration

g = emlectronic charge

x
*

ton mobility

electric field




The current Induced is given by:

1, |, e (3)
Where s is the surface area through which the jons enter the object. Hara et
al [7] showed that this was practieslly independent of the wind velocity but
highly subject to the leakage resistance to ground. The values used in these
caleulations included a value of spacecharge density of 1,2 x 10"8 C/m3 and
Lon mobility of 1,5 x 107%
lires, This spacecharge density would reflect total ion concentration of

mi/v.sec.: these vaiues were those typical of HY BC

about 7% 000 x 106 1ons/m3. These values are in agresment with those obtained
by Bracken [8] except that the ion mobility, obtained from a least squares
fit, was ',6 x 1 m2/v.sec. for negative lons and 1.7 x 107 m2/v.sec. for
positive ions. Values previousiy given by EPRI (9] were: negative lons 1.99 x

107" m2/y.sec. positive lons 1,46 x 674 w2y, sec.

These ion mobility values are those found in fair weather and little field
work seems to have been done to evaluate ion concentrations with different fon

mobilities.

The drift veloeity of an ion, V,, s proportioral to the electric field
intensity =uch that;

Vg = KE (&)
where k 18 the constant of proportionality, or mobility, having dimensions of
m/sec/v/m or mi/v. see. This holds true providing that the energy imparted to
the ions by tre eleetric fleld is low compared with the thermal energy. This

requires that (16, (11)
« 2 (5)
e

where p 18 the gas pressure in terr (Imm Hg = 1 torr:760 teorr = 1,013 x 109
T8 .
m) and e is

Pascals), o is the ion/molecule collision eroas section ( = 10"
E

the electronie charge. The coriterlis is ¥ <4om vim o~ torr, sinve at grester

valuea there will be increasing fonisation from accelerat.d elacirens {and at

high values of E/F, aceelerat.on of lons).

The fon moblility is no easlly ealculated, McDaniel [127 gives Langevin's




{1905) calculation For ion mobility where:

M
o R (4 2y Yy (6)
JETRETS "

where 8§ {s the gas density, K the gas dielectric constant, M is the maas of

A
K

the gas molecule and m the mass of the ion., A s a function of the parameter

b, where

{7y

Y ie the sum of the radil of the ior and the gas molecule, p = gas pressure,

v is & dimensionless temperature and McDaniel shows that;

0,75 e Mo
ko= e — (14 =) (8)
e 1F.' ’Srpa“ m

being the elastic sphere limit when b s very large and:
3
kow 22219 By, )
P T
in the polarisatlion, or small ion limit, when b = 0.

He further shows that by quantom mechanical theory

. sec. (10)

where o 1s the polarisability of the gas and {5 measured in atomic units (aoa,

a, being the radius of the first Bohr orbit), and r':r is measured in units of

o
the proton cass, with kg referred to & constant gas number density {(2.69 x
1w P remd). Equation (10) is identical with equation (%) and the two equations
{8) and (9) could be co

mobility.

fdered to define the lower and upper bounds of the

Tne mobility shown in (9) 1Is independent of the lon charge and this is

explained by noting that the force on the fon due Lo an electric fleld is

directly proportional te the charge, bul that the momentus loss of the lon due

te {mpact produced by the lnverse fifth-power~electrostatic forces is also

¢ nancelliag of the effects.

proportional to the charge, with a resul




Tre [irst Langevin equation is:

-

whieh can convenlently ve related tr phvsical parameters.

X

whrigre o

I
number. The lon vei.clity can bte estimated my
v / 3-{? x 1.128 (13)

where the factor

mest provabdble veloeity.

o.815 2 (g

Av

1

2
w(r] - re) R

r, are the fon and molecule radii, N is the gas molecular density

1.128 13 the increased value of the average velocity to the

Equation (1

N
equal to the tharmel energy; ‘dmv;

Computed vaiues of k differ from experimental values and the distrepanciss are
due to the diffirulty in determining ), the mean free path of the lon between
collisions with other g

tons of interest for a temperature of 2Y3°C 2nd 7o0 Torr (2,69 x 1019 cm'3 Egas

aLoms) gas pressure.

malecules.,

My (1
‘m>/3 (SRS

(See also {13)).

(12)

3) i3 derfved by making the kinetic energy
= KT,

Table 3 (1h) shows jon mobilitizs of some

Table 3
Gas k= x 1078 ey sse. ke x 1078 n Ly see.
Alr {dry) 2,1 1,36
Air {very dry) ) 1.8
Ny - 1.8 (N
3,0 (N3‘>
7,0 (Ny)
05 2,6 (provably 0,7 or Of) 2,2 (probably 0p+)
<o 1,1y 1,10
0,98 6,8k
{at 10090) 2,95 1,1
- . .




There Is a further method of =zalculating the lon mobility (15) (16), from

Stokes' Law for spherlical particles.

ne (1 + ¢)
HnRn pR

(i

where n {8 the number cf basic charges, n is the coefficient of viscosity of
the alr (n = 1,8 x 1072 Nsm °
mercury, R is the lon radius, € is a constant ~ C,000617).

at 15°C) p is the atmoupheric pressure in cm of

The factor in parenthesis is Cunningham's correztion to Stokes' law, and

tecomes unity for R 10 ym bt is large for small radii.

Table 4§ shows the caiculated radii from equation (14) for the values of
mobility defined by the separate collector plates of the ijor mobility
scanner. These radii are larger than those given by NcDanie' for N, or u., as
shown in Table 5 for the gases found in air [12].

The radii for the lower values of mobility will be those for .on clusters
{where cluster is the term for positive i{on) and ion attachment /for negative
ions). McDaniel [17] notes that a cluster of 12 0, molecules about an Oy %
fon would be stadble, and that molecular clusters of up to 30 might be observed
for gases of nigher dielectric,

Figure 26 shows the graph of equation (13} for mobllity versus ion radius.
Together with this are a series of graphs for N(H,0} molecules, where N is an
integer using Langevin's original equation (equation 11} for 760 torr, 288°K
and using N times the molecular mass, Az noted by McDanic! this equation

gives mobility values too high for smsll ions [ie. 1‘}120)} but the values v

larger ions, commencing at (HZO), are clcie Lo those for 3toles' Law.

The graph ftor H‘HE)) shows the possible diameters for the given mobility
values of the ion chamber. The arrows indicate the mobility values where high
fon concentrationa were found. The difficulty is to determine what the
effective diameter of, say, B(HZG) might be. For example, the diameter of H2
is given as 2.74 X 1078 om, that for Cp is 3.61 x 1078 ana Hy0 is 4.60 x 1078
om [181. Aerosol clusters of strings, circles anc plates have been observed

{191 and it would not be logical to expect water vapour clusters to form
perfectly spherical shapes.




Table §

Radii of Ion Calculated from Stokes'

(1,013 % 10% Pascal)

Law at 288°kx, 780 Torr

Collector No. Yobility Raclus
x 678, ey, sec. « 1078 ca, (1)

1 2,77 3073

1,0 .22

2 0,847 6,76

0,6 3,03

3 0,541 8,16

0,4 8,95

5 0,35 16,53

0,2 3.9

5 0,186 uoug

0,1 19,81

6 20,01

22,18

7 22,33

25,66

8 0,087 25,88

0, 31,54

9 0,037 32,81

0,02 44,95

10 0,019 Lé, 15

0,01 &4, 28

1 0,0098 64,96

008 72,%

12 0,0079 72,67

0,006 83,91

13 0,005% 84,65

¢,004 103,9




Table 5

Values of mean velocity V, molecular diameter D, mean free path ) and the
collision frequency v, calculated from the kirnetic theory for gases, 15°C
(288°K) and 760 mm Fg.

Gas  Molecular v n 3 v
Welght n/sec 108 em 108 10% collisionssec
Ny 28,02 467 3,75 6,28 7,4
0, 32,00 437 3,61 6,79 6,4
o, 8,50 372 4,59 5,19 8,8
Hy0 18,02 582 4,60 4 13,9

A curve Tit has been obtained for scans 156 to 250, which cover two cycles of
relative humidity variation and comprise observations covering nearly two

days., The equation obtained is given by
I o« EXP JA-B[2n (1 - ®)]] (15)

where I = fon concentration cm”3, R is the fractional relative humidity and A
and B are constants. The results of the curve fits are shown in Table 6 and
No. 5 and No. 10 do not show a fit as there seem not to be ions present. For
Ho. 8 the curve fit is; I = EXP (a + DR), but as can be seen in Figure 8 the
ion concen ration does not vary significantly. Two significant conditions
arise: the first is where the variation of ion concentration is large,k that is

the ratio of I and the second where the variation of ion

7 N
max’ Imin'
concercration is not large.

The large variations are shown in Table 6§ as;

Nos. 2, 4, 7, 9 and 12 and these maxima are shown in Figure 23. The average
values for the coefficients for these five mobilities are A = 5,09, B «
1,774, For the minima, A = 5,345, B = 00,8796, The {on concentration varies

rapidly as the relative humidity exceeds 90%, as can be seen in Table 7.

S




Table 6

Curve Fit
Humidity

for Positive

Concentration

Versus

Falative

and Figure No.

Collector No.

cmz/v,ser.

72

2,71-1,0
0,85-0,6
0,54-0,4
0,35-0,2
0,186-0,1
0,098-0,08
0,0.-0,96
0,06-. ,0k
0,04-9,02
0,%2+0,0%
v,01-0,008
0,008-0,006
0,006-0,004

O W @ W oW & W N

Gy

5,124
b, U5
5,01
5,77

5.3
5.36
1.5

5,27

5,64
5,55
5,52

1,117
1,986
1,197
1,925

0,68
1,637
0,0051

0,825
0,811
0,860
0,816

0,60
0,76
0,856
0,7V7

0,636
0,808
0,707

14,3
250
6,7

Equation:

* Equation: Tons’om3 = EXP (A + B*R)

Tons/em3 = [A - B [2n(1-R)1]

= Mean Square Error from analysis of variance

= Correlation Coefficient




e

Table 7 Projected Ion Concen.rations from Equation (15)
R = Fractional Relative Humicity

R Large Igo /Xpiy Low Tpo o/ Tpin
tons x 10'2 jons/m3 Tons x 10'2 tons/m3

1,0 - i

0,99 567 827 12 034
0,98 166 031 6 540
0,95 32 8§77 2 921
0,90 9 554 1 587
0,80 21793 563
0,70 1 361 804
0,60 817 469
¢,30 302 286

From Table 7 it can be seen that at low relative humidities the fon

concentration reaches that found for normal background without the influence

of transmission lines. Where the large values of ifon concentration are found

defines the N(H20) cluster whose effective radius gives rise to a certain lon

mob{lity,

Knowing that Stokes' and Langevin's Laws are not particularly accurate except
it is nevertheless possibdble Lo hazard a guess
The fon

with very pure gases and lons,
al the olusters which correspond to the large ion concentrations.
= 1.1, from Tadle 3. Thus, for K = 0,85 -

.

mobility for H, is K™ = 9.5, K
0.6, 1t is probably 2(H,0). By projccting the mobllity ranges onlo Figure 26
the guess 1s made for the value of N. This is shown in Table 8.




W ‘.
Tatle 8 Possible Hy0 Clusters
Collsector Mobility Radfus r

No. x 107 0?/v.sec 1078 om N(H,0)

2 0,85 6,76 2
0,6 £on3

4 0,35 10,53 3 or ¥
6,2 13,9

7 0,08 22,13 4 or 5
0,06 25,66

9 0,07 32,87 & or 7
0,02 Lu,95

iz 0,008 T2,67 8
0,008 83,¢

Figure 27 shows the plot of the equaticn with the data for Figure 2 having an

Iman(/lmln
has a very low ratio of 40, The jon ordinste ia Naperlan logarithms.

ratio of 500. Figure 28 shows that for the data of Figure 3 which

Senclusion

The fon mobility spectr» for incrsasing relative humidity shows a shift to the
lower ion mooilities as would be expected for positive lon clusters and
neg.tive lon attachment and also fndicates the loss of light, high

o, It in ouncertaln how many elementary charges ar lon may oa oy, but it

S
e
)
&
s

o

safe Lo wnrume that at the hig mobiiities they must pe unit charges since

L MOL tr tn o diroetly proportional to the eleetri¢ charge.
Consequently there fs confidenve that Flgire 26, the graph of Stokes' Law and
the superimposed values for Langevin's equation for ions of N(H?m mass, shows

the possible effective radii of such clusters.

Tne more valid equatioas of Langevin, and the quantum mechanical equations are

mest sultable for pure gases and Tor 1o of the came gas or for positive ions

of alkalt fons such as Li, N-, K, kb, Cs: good correlation hebtween Lheory and

exper.mental date has been obtained [20]




In these cases it {8 possible to determine the first éohr orbit. The problem
of determining this {n a cluster are very great, and the clusters of HEO are
very much dependent on the dipole conflguration. The results present have
been obtalned In alr which contains nitrogen, oxygen, carbon dioxide plus
other pollutiag gases, and these latter could also affect Lhe water v.pour

clusters in the foq.

The ifon concentratlion, being measured at near ground level (1,%m) shows that a
significant corona power loas is due to lons departing from the transmission
lines, and consequently equation (15) is proportional to the corona power
losa., Most of the corona power 1oss 1s due to the kinetle energy given ' p to

ionisation in the afr volume immediately around the transmission line,

The mechanism with high relative humidity could be fog droplets attaching to
the conductors, but this seems rather improbable since the conductors are at a
temperature between 50°C znd 90°C. The very small water droplets are ilkely
to vapourise as they approach the conductor due not only to the témperanure
but also to the electric potential gradient set up across the droplet.

Because these are field measurements there is considerable fluctuation in the
parameters, and {t is a disappointment that the negatlive fons 4id not show a
regular pattern as did the posilive lons. One facet which has not been fully
investigated is the curious effect of the alr pressure. Compare, for example,
tre marked reduciion in lon oongentration with reduction In air pressure as

suown in Figures 2, 4, 7, 9, 12 where the I ratio was greatest {n the

max’ Imin
cvarlier scans, Whereas there are small increases in ion concentration as
shown {n Flgures 5 and 0, which are colncident with the reduced air
pressure, Peek's Law [21], upon which corona power loss calculations are
based, predicts an increase in lonisation with reduced pressure., This would
correspond to the Increased distance between molecular collisions. This
effect is noted in eguation 12 and consequently t.e mobllity will be affected

by the gas density N, and thus alr pressure.
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Figure 3 -1
+ve fons: Mobility 0.54 - 0.4 x 107" né/v.sec
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Figure 7
+ye ions: Mobility 0.079 ~ 0.0 x 1074 w2/v.sec
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Figure 8
+ve lons: Mohility 0.059 - 0.04 x 1079 mé/v.sec
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Figure 9 4
+ve fcns: Mobility 0.037 - .02 x 17 m?/v.sec
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+ve lonsy Mobility 0.019 - 0.01 x 10 v e
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+ve lons: Mobllity 0.0098 - 0.008 x 107" m“/v.sec
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Flgure 12

+ve tons: Mobility 0.007¢ - 0.006 x 107
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Figure 13
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Figure 14 oy 2
-ve jons: Mobility 0.186 = 0.1 x 10 ~ m“/v.sec
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Mobility Spectrum: Spacecharge. Scan 156 - 250
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APPENDIX &
10N MOBILITY SCANNING ION CHAMBER

Abstract: An aspirated ion chamber measuring from natural atmospheric ion
levels of 400 x 106 tons/m3 to 1.6 x 10’2 fons/m? over a mobility range of
2,77 to 0,004 x 10“" m2/v sge which has ueen proven for field use, is

described.
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The fon curre.” density in the vicinity of high voltage transmission lines is
required to be known to be able to estimate the electric potential to which
insulated persons or other otjects which {ntercept the ion current can be
elevated {1]. Additionally, the electric field in the presence of ion clouds
from corona become distorted and it be.omes necessary to wnow the [on density
r21.

The usual nethod of measuring thre lon current consity, J ampsa/m2

, 1a by means
of the Wilson plate method {3],{1] which measures the current flowing between
a plate of known area and ground. The current density is given by (1], [7],

ful.
J = pKE (€D

where K I8 the ion mobility, E the eiect ic field, p the space charge, C/m3,
which {8 the number of lons per unit volime, n, multiplied by the electronic
charge, e. The assump.ion has been tha* iong of high moblility, where mobility
refers to the proportionslity rnonstant, X m2/V sec, in relating the drift
veloelry of the ion in the electric fleld £, are the major contributors to the
fon cloud charging effect. The usual value assigned to light negative lona is
1.8 x 10—& m2/V sec, and 1.4 » 10'u m.’/V sec Tor positive ions [5]. However,
it is clear that (I the {on mobility is one order of magnitude smaller but the
concomittant ion concentratior is one order of magnitude greater, then the
charging current density will be the same. The Wilson plate method requires
that the lon mobility is known, but only estimates have becn made [8],
Zaffanella [6] has deseritsd an aspirated ilon chamber, {dentified as Model
Beckett, where air is passed {nto a parallel plate jon chamber .nd the current

through the ion chamber measures the ion concentration, n;

1 3 .
R . o
n Y foro/m (23
were 1 is the current (A/mg), W is the alr velocity (m/Sec) and A i3 the
entrance area of the collection plates, Two collector plates of different
dimensions are usad to obtaln .ioun concentrations of different mobilities,

where;




i

T

2
wd 2,
K 7 "7V sec (3)
where d (s the distance between the collector and anode plates, L the
effeetive length >f tue collector plate, and V the potential applied to the

anode.,

When the anode plate is positive, the collector plate cirrent i3 that due to
positive fons repulsed from the positive anode. Cunversely, negative fons are

measured when the anode potential is negative.

Zaffanella also nouves a method of obtaining the jon mobility spectrum by using
successive plates along a wind tunnel from an ertrance slit, Early methods of
determining ton mobility in laboratory conditions are given by Chalaers [7].
The lon chamber described here combines ooth methods to enable the ion
coneentration from natural levels of about 4LOU x !06 tons/m3 to a maximum of
1,6 % 1012 jona/m3 with a range of 13 mobilities from 2,77 x 107" 227V sec to
9,008 x \0_“ mz/V sec, and to measure the posicive and the negative ion
concentrations sequentiaily in a short {nterval of time so that they can be

considered simultaneous,

lon “hamber Construction

The ccllector plate is divided into a number of aluminium plates as shown in
Figure 1, Each collector piate is held in place by Teflon beads and
syrrounded by an earthed guard plate. The aluminiw anode plate extends
parallel to the whole lergth of the multiple collector plates (1,5 M) with a
distance of 1 om between them, The electric fleld i thus clearly defined
with the .arthed guard plate ensuring that the electric field is linear and
without edges which could produce concentrated fields which might produce
secondary fonisation., The guard plate also interposes an earth between any

insuylation leakage path between the anode and the collector plates,

The ifon mobility at the leading and trailing edge of each collector plate is
given in Table 1 using equation {(3). Using only 8 collector plates and

applying 18 volts {+ve or -ve as raquired) %o the anode the mobllit.es cover
-4

the range 2,77 to 0,04 x 10 m“/Y sec, By increasing the ancds potential to




180V and using collectces 4 to 8 again, the mobility canges of 0,038 to 2,008

x 107" m2/v sec are obtained.
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Table 1 Multiple Plate Ion Chamber Mobility Values
x 107% w?svolt. Second
Collector n D2 v K1 K2
Number (em) {cm) Volts {at D1} (at D2}
1 2 5.55 18 2.77 1.0
2 6.55 9.26 18 G.85 0.80
3 10,26 13.88 18 0.54 0.4
y 14.38 27.71 18 0.39 0.20
5 28.77 55.55 18 0.1y 0.10
6 56.55 69,44 1€ 0.098 0.080
7 0. 84 .59 18 0.079 0.060
8 93.59 1.3.88 18 0.059 0.040
g4 14,38 27.77 180 0.038 v. 20
10(5} 28.77 55.55 180 0.0193 0.01¢
11(6) 56.55 69,44 180 9.8:2-3 8.04-3
12(7} 70,44 92.59 180 7.8E~3 6.04-3
13(8) 93.59 138.88 180 6.55E~3 4. 0E-3
The essentral circuit is shown in Figure 2, where 8 relays are used t- select
one of 8 eollectors, the remaining collectors being sonnected Lo earth, The
collector selected also remains at earth potential and the current input to a
Keigrly model 301 elestroemeter module, with 1 feedback resistor
of 10108, gives an output vcltage proportional to the ion current due Lo those
ions present within the selected collector mobility rarge.
s
; It is important to note that the non-selected collectors up stream of the alr
> stream entering the ion chamber provide a filtering effect by collecting the

fons of higher mobility values up to that mobility va.ue relating to the

.3 selected collector plate.

i




A logic circuit controlled by a data acquisition system controls the serial
selection, €, to C.‘3 of the collector plates. For each collector selected,
the anode is first made positive for one minute, the positive ion
concentratfon read at the end of this time then the anode i3 made negative and
after one mirute the negative lon concentration is read. Thus, the near
simultaneous positive and negative lon concentrations for each mobillity range
in Tatle 1 are obdbtained. A complete scan of 13 positive and 13 negative lons
is completed In 30 minutes, with climate and other parameters being measured
twice in each complete scan after reading Cy+ and Cg+.

ine electrometer feedback resistor is 101'Oﬂ. with an output voltage linear to
+ 10 volts corresponding to an input current of ¢ \0“9 amperes. “onsequently
the insulatfon of the collector selecting relays, RLA to RLH, is of great
importance, and tests on 5 volt DIL relays showed thec the insulation
resistance was better than |0‘2ﬂ providing the surface of the insulation was

clean and dry.

The connections to each collector, and the common connection to the
electrometer input, are made with Teflon covered wire direetly to the relay
pins concerned since it was found that glass fibre bonded printed circuit
boards exhibited leakage resistances less than !08 ohms with relalive humidity
of 70%. The relays are housec as shown in Figure 2 in a metal channel
connected to the eartn guard plate, and the channel 1s then sealed with a
silicon sealing compound all along the edges and al the end of the channel
where the electrometer input connector and the relay selection wires emerge.
Not only does the metal channel seal the relays from the external atmesphere,
but it also provides a Faraday shield which prevenis the change in anode
potential from positive to negabtive from inducing changes into the insulation
of the relays and connecting wire which would take a long time (> 30 seconds)

to reduce the induced current to the equivelent natural lon level.

Prior to changing the anode polarity, or selecting the rext collector plate,
the electrometer is de-sensitised by switching in a 10 MQ feedback resistor by
means of a relay, RLK, which has a very high leakage insulation. This relay
is always operated first and remains on for 10 seconds during which time the
selector relays are operated, so that the settling time of the electrometer

ecircult is vsery much shortened subsequent to any change.




Each set of collector plates provides two collecting surfaces, top and bottom,
if the coilectors are placed between two anode plates. Two sets of collector
plates are used, interposed between 3 anode plates, so that four colleciing
surfaces are obtained. Thus, for the same ion concentration in the air stream
a current four tilumes greater s obtained, which greatly reduces the high

values of resistance required.

For the lon chamuer, the electrometer current of the two combined collectors

of 10'9 amperes corresponds to an ion concentration of 1,6 x \012 ions/mB.
The ambient ion concentration of 16 x 106 ons/m3 corresponds to an

electrometer current of 10"" amperes.

r Alr Velocity
The alr velocity, W m/sec, is held at | m/sec by means of a fan which draws
alr in at the far end of the fon chamber. The fan is z small D.C. five bladad
fan and the fan speed is controlled by an (nfra-red emitting diode beam to 2 ﬁ
photo transistor being interrupted by the fan blades and the resulting pulses

- control the fan operating potential by use of a linear ratemeter. This . .

ensures that the alr speed {s independent of power sgupply potentials in the ] i;%
field, and the air velocity {s set against a calibrated hot wire air velocity
meter which has beer corrected for use at the present operating altitude of
1800 m.
Because the multiple collector plates and the anode plates are parallel,
spaced 1 om apart, and 1,5 m in Jength, the air flow between the plates is
believed to be laminar.
Ambient Temperature

¢ The Keithly electrometer (Model 301) has an input offset current of 10”1

: amperes with a drift rate of 10-15 amperes/24 hours. The input offset current

% doubles every 5°C change in temperature. The input offset voltage is

adjustable to zero and changes by 150uV per °C.

Te provide optimum stability with temperature change, the resistance between

ground and the non-inverting input must be the same value as the feedback
resistor between the inverting input and the output.
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Previous measurements performed with m”rz resistors and using an input test
current derived from a voltage source and a serles 10”0 resistor, the errors
due to temperature variatlons of the electrometer module are shown in Table
2. Whilst the errors at low input currents are large with the temperature
change from 10 to 40°C, they relate only to the low natural levels of fon
concentrations., In the 10’09 configuration used, 10—13 amperes relates to 156
x iof icns/,3. The error would be of the order of t+ 15% with this temperature

change., Thereafter, the error becomes negligible.

The electrometer and the associated eleotronics are housed {n a hermetically
sealed unit on the ion chamber and are not used {n the field in direct
sunlight.

Table 2 Temperature Stability of Electrometer Module Using
10”{1 Resistors.

Input Current

Output Error §

Amperes Against Temperature
10°¢ 2500 L0eC
«10'3 -2 40 -159
-10773 +9 +50 s1a5
+10712 -2 -5 ~16.5
-10712 0.5 + +14
w107 -0.8 -1.8 -3.9
-107¥ -0.6 -0 ~0.57
+1g710 -0.56 -0.5 -2.3
-19710 -0.58 127 -2

To obtain a source of known lon concentration is difficult.

operation is most satisfactorily calibrated agains a known

was used in the temperature variatlon tests,

The electrometer

input current as
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To obtain a ['leld method of checking at least the first four collector plates,
an alpha source is made from natural Thorium (90 Th232, a = 3,98 MeV) on an
aluminium plate which, when placed upon an anode, provides an input current
equivalent to about 1000 x 106 tons/m3 at each collector Cyy 2, 3 and 4. Both

of the two sets of collector plates can be 80 checked in this manner.

Relative Humidity and Water Spray Tests

The lon chamber was teated in an environmental chamber capable of both
variable temperature and relative humidity. With the relative humidity
changed from 30% to B85%, there was no perceptible change in the ion
eoncentrations for the i3 ion mobilities, Only when the water sprayers for
the humidity control system operated was there any indication of increased ion
concentrations. By setting the humidity demand from 30% to 90% it was
possible to have the humidity sprayers on continuously for a period of more
than 30 minutes wit a near linear rate of change of humidity of
5,9%/minute. Figure 3 shows the resultant fon moblility spectra for positive
ions, Figure 4 shows that for negative icns, and Figure 5 shows the space
charge spectrum obtained by subtracting the negative fons from the positive
ions, The space charge gpectrum is practically zero over the range of ion
mobilities available which which confirms that fog or cloud is electrically
neutral [9], althcugh the ion concentrations at lon mobility 0,019-0,01 x 1074
n2/V sec s high,

By switching off the humidity sprayers, it was found that the ion
concentration began to dex czse immediately. Table 3 shows the decay half

lives found which decaved exponentially over a wide range.

Table 3 Decay Half Lives for Water Vapour
Collector No. Mobility m2/V sec -ve ions +ve fons
1 1
x ! T2 secs T /2 secs
1 2.77 - 1.0 57 23
10 0.019 -~ 0.0t 498 684

e

sl



Chalmers [10] identified the average life of ions as;

Overland 50 seconds
Kew /Pulluted) 20 seconds
Oversea 300 seconds

but gave no indication of the poiarity or the concentrations.

field Results in Rain

The lon chamber was situated under 400 kV AC transmission lines. These were 3
sets of 3 phase lines, each phase is a 38 om equilateral triangle bundle using
35,5 mm aluminium oconductors. The phase to phase spacing is 10,8 m, with
about 30 m spacing between centre wire to centre wire of each transmission

line,

Figure 6 shows the rainfall over a period of time, being scan 150 to scan 170
and therefore covering about 10 hours, Figure 7 shows the positive fon
spectrum for scan 158 which is when 2,6 mm of rain fell., Figure 8 shows the

negative lon spectrum and Figure § the space charge.

From scan 159 onwards saturation occurred with lon concentrations greater than
2 x 10'2 fons/m3 for certaln fon mobilities, From scan 158 to scan 162 a
total of 60 mm of rain fell. From a Bonneville Power Administration Computer
Programme, the corona power loss for these three transmission lines would be
about 170 kW/kM.

General

The ability of this ion mobility scanning ion chamber to operate in heavy
rainfall has been shown. The only covering for the ion cnamber was a flat
wooden cover held over the ion chamber so that rain or sun would not fail

directly into the entrance of the ion chamber.

The housing of the ion chamber is made frow a proprietory aluminium alloy unit
normally used in small sections for holding printed circuits, Lateral slots
run the 1,5 m length and the anode and multiple collector plates are pu hed
talo these slots, Tnis has advantages since it holds the plates firmly and
the plates, anode and collectors, can be easily removed for cleaning. Duriag
dry weather the plates collect dust particles and they reguire occasional

cleaning.
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Tests have been made with spraying water from an atomiser Into the entrance
slft. The 2 mm air gap between the collectors and the guard plate has proved
difficult to bridge with water. An initial problem was the reduced insulation
of the anode supperts which absorbed water, This was corrected by using a
varnish to stop the absorption of water.

An effect of intense lon clouds on the ion chamber 1is that fors of the high
concentration still tend to be collected even when the anode potentfal is
reversed, This i8 thought due to the reduction of the lon chamber electric
field. To avoid reading this corrupt data, the data acquisiiicn system
rejects an electrometer output voltage of the wrong polarity and replaces it
with an artificial value equivalent toc 15 x 106 fons/m3. This effect is shown
in Figure 8 especially.

Figure 10 shows the construction of one multiple collector plate with the

cover over the relays and the wire emerging from this cover.

Figure 11 shows the i{on chamber with the electrometur and associated
electronics. The aspiration fan is housed in the right hand section which is
hinged. When the fan compartment (3 opened, the connectors from the
collectors to the electrometer are accessaible, as are also the cornectors for

the relay control.
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Figure 10

Multiple Colleotor Plates







APPENDIX B

SPHERICAL PROBE FOR ELECTRIC FIELD MEASUREMENT

Abstract: The measurement of AC electric fields .s necessary <ipeclially
around irregular shaped objects at high potential aince these cannc” be easily
calculated, The spherical probe described here {s potential free due to the
nigh fnsulation provided by an optical fibre, which also transmits the aata to
ground potential. Because the coin size batterles essential to power the
probe have a finite life, and will produce errors if the battery voltage falls
below a given level, a methoa has been developed to enable the battery voltage

to be monitored v.a the optical fitre.




P p————

)

APPENDIX B

SPHERICAL PROBE FOR ELECTRIC FIELD MEASURSMENT
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SPHERICAL PROBE FOR ELECTRIC FIELD MEASUREMENT

Abstract: The measurement of AC electric flelds is8 necessary especiaily
around irregular shaped objects at high potential since these cannot be easily
calculated., Tra spherical probe described here ig potential free due to the
high insulation provided by an opti-al fibre, which also transmits the data to
ground potential, Because the <oin size batteries essential to power the
probe have a finite life, and will produce errors if the battery voltage falls
below a given level, a method hus been developed tc enable the battery vollage
to be monitored via the optical fibpre.




Feser and Praft (1] have described a small spherical probe of 40mm diamster
comprising four quadrants in upposing palrs such that two orthogonal electric
fields can be measured. Use iz made of optical fibres to transmit the data
from the sphere to the ground, and the high insulation resistance of the

optical fibre ensures that the sphere is potential free in the electric fleld.

praff [2] has further described a sphere which provides three orthogenal
directions, using three pairs of quadrants, with a frequency response of 100

MHz,

These probes were designed to .asure both the electric [fleld and the impulse
transients in pre-discharge and breakdown conditions during the impulse
testing development of high voltage compenents used in power transmission

lines.

The spherical probe described belew 1s designed for the much more modest
purpose of measuring the electric field arocund high voltags structures,
especially irregular structures, with as little perturbation of the field as
possib.e, These structures are those commonly fow.d in high veoltage

switchyards such as conductor clamps, bus bar couplers, eto.

Another purpose for this probe was to measure electric fields around animal

cages lor biological and envirommental purposes.

Spherical Probe
For a sphere divided into two hemispheres as shown in Figure 1, Pfaff [2] has
shown that the gurrent between the twe hemlspheres is an idsal current source,

i

or flowing into an lmpedance comprising a resistor and a capanitor in

parallel,

Where the ohmic coupling resistance 1s low, the voltage across the reslstor

will be:

PP
RPN s s “
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where D is the dislectric displacement, and A the arer In this case the

vandwidth of the sensor {s limited only by the stray capacitance C.
and the chmic

Where the ocoupling capacitor s *he terminating component

esistance {3 high, then the cutput voltage is given by:

ngéé @

<
&
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In both cases the magnitude of Vg Is dependent on the direction of the area
the electric field. When the area subbtends an

relative to the direction ol
the charge induced fato the opposing

angle «f 90° to the electrie fisld,

quadran.s will be equal and In phase and coensequently Vo = 0.

Figurse 1

ive Spherlical Probe

Pringiple of Cap

{a) Sphere in electric field
(b} Equivalent clreouit

a [3] have derived the ecuation for the current belween two

Deno and Zaffan
hemispheres lying in the direction of the electr!
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wnere D is the diszleciric displacement, and A the area. In this case the
tandwidth of the sensor Is limited only by the stray capacitan C.
Where the coupling capacitor is the terminating compenent and the ohmic
resistance is high, then the output voltage is glven by:
i i
PR w - 2
Vo 7D €7 E (2)
In bath cases the magnitude of Vm is dependent on the dilrection of the area
relative to the direction of the electric field. When the area subltends an
angle of 890° to the electric fleid, the charge induced Inte the oppesing
quadrants will be agual an' in phase and consequently Vm = 0,
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Figure 1
Principle of Capacitive Spherical Frobe
Y . {a) Sphere in electric field
- {b) Equivaleat clrouit
Deno and Zaftanella [3] have derived the squatlon for the curreint belwesn Lwo
hem!ispheres lying in the direction of the electric fisld a
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Flgure 4
Equivalent Transmitter Clreuit

When the terminating component is a capacitor, the potential derived across it

is independent of the alternating frequency of the electric fleld, since:

v 3ot o2
m Judnre ® JuC

Where e is tie parmittivity of free space.

The bandwidth will be limited by the physical constraints c. the electronic
measuring oystem and the bandwidth of the ouvtical fibre data transmission
system. tor the purpose of measuring the electric flelds from 50 or 60 Hz
power systems, the upper bandwidih need only be sufficient to allow
measurement of the highest expected harmonics: any ban“width higher tran the
20th harmonic Is unnecessary unless fast translents are to be measured, and
ed.

then the mathods of Feser and Plfaff would be requ

It is important to note that the spherical probe is highly directional, with
the maximum signal obtained when the two hemispheres are aligned with the

electric fiald, and zero when they lie at right angles to it.




t simple methed §8 Lo use

To transmit the data along an optical fibre, the
the analogue characteristics of the optizal transmitter and receiver, The
data i3 not required to be transaitted over a leong dJdistance and an optical
fivre length of 10m is adequate. The optiecel transmitter is an infra-red
vmitting diode where the light outpubt is proportional ty the forward current

in the diode. The ostic recelver §s also a linsar ar-logiue device where the

output potential iIs as shown in Flgure 2 which i3 the combined
transmitter/receiver characteristiz with a 10m optiz fibre coupling. Te
transmit the AC voltage derived from the hemispheres it is necessary to
forward bias the transmitter diode 9o that the maximum signal from the sensor
remains within the linear part of the characteristie, Figure 3 shows the
forward bias characteristic dV/dl, where dV is the change in receiver voltace
for the consomitant transmitter current dI. The signal due to a 1 mA RMS
current is also shown modulating the forward bias current, The equivalert
circult is shown in Figure ¥, RZ defines the AC current modultion amplitude
from the hemisphere potential. C! provides a DC plocking path and must be

large enough not to give attenuation at 50 Hz,

R' provides the forward bias current to tre transmitier dlode. The accuracy
of the transmitted data Is dependent upon the battery voltage, V, which
provides both the forward bias current and also powers the electronic
circult, Should the voltage fall such that the forward bfas current be
reduced balow 5 mA, then distortion of the potential due to the elsctric fleld
will oceur, Because of the small size of the probe the power sunply is
provided by two coln size lithium balteries giving a nominal 3 V each, but the

totsl voltage on load falls rapidly to 5,5 volts until the end of life, about

85 mA hours, when the battery potenvial, and hence the forward blas current,

fails. With a battery voltage of 3,50 volts the error in reading the elestric

fleld is -5,2%, but when the battery voltage has fallen to 3,36 volts, the

error in measuring the sleatriz field is -21,7%. Consaguenily it 1s necessary
to be arle to monitor the probe battery voltage, especially when the maximum
fields of 50 KV/m are belng measuwred. The nezessity of this is emphasized

when it will be recalled that the probe will be switched on for perinds of

hours when equipotential plots of electric flelds are being done. Figure %

shows the effect of the discharging balltery polential.
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Electronic Solution to Equation 5

Frobe Battery Voltage Monitoring

The overall transmitter/recefver characteristic beling linear, as was Shown in
Figure 2, provides the method of measuring the battery potential. The DC
potential at the recelver, Vr' will be related Lo the forward bilas current,

Igss in the tranumitter by:
\ - / ) .
Ve A BUI D (3)

thus,

where Vo is the forward blased potential across the transmitler diode, and V

the battery voltage.




From this we obtain,

{6)

Vt, changes by only 0,05 V for Id" changing from 10 to % mA, ani thus the probe
battery voltage is direclly propertional to the voltage at the optical

recelver,

The cireutt in Figure 6 shows the electronic solution to Equatlon 6. The
f
unity gain amplifier (R1 = R2) gives an output of -~ BE Vr" end the input

offset to the non-lnverting input provides the constant value of

v
A+ Vt)' Since the nen~inverting input has a galn of 2, gliven by

(R1 + R2)/P1, then the value for Vc' which must be adjustakie to take acocunt
of differences {n transmit ar/receliver characteristics, and optical firre
v isnuations, i3 given by:
R4 Rt ¢ B2

VermTEm T Y%

or
2 ot K3 g Vm (7)

The phase inversion of Vr provides an output at V,_.) di~ently proporticnal to

the probe battery potential and in tae correst sense, Tre va'ue of V is

obtalined directly by further DU amplification by the facter R'/B « 50, At

this point the ACQ Ltenal will be apout ©,% RMS with the rattery potential
cutput In the range -6 velts, The DU is eliminated by capacitive coupling
and ofter further amplificatior an RMS teo DU converter provides a second DO
potential equal to the eleotrie field in KV/m. The two potentials are

displayed on a liquid crystal

with a push button changlng the KV/m

susle to that of the bat
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: The optical receiver ocutput voltage s temperatw e sensitlive, This Is no
doubt due to the optical fnput being a phototransistor with an open base. As
; a result, a temperature compensating circult has to te included, as shown by
i the dotted lines {n Figure §.
The temperature characteristic {s that expected from a forward blascd diode,
beig KT/e, where K is Boltzmann's zonstant, T Jhe absolute temperature and €
. the electronis charge, giving about 1,5 x 1073 ysoc, Compensation 18 achieved
by using a forward t'ased diode voltage as the temperature sensitive component
and inputting a current inte the summing amplifier in oppesivion to that from
A e the optical receiver.
; Over a temperature range of 10°C to 40°C, 1w sum of currents into the
amplifier are required to be the same:
"
' fv (- .
E (_9,),..._8.__.‘_‘9 ga . Y3RZ R2
Y c e R
-
Where
A \“\m ‘Ir(To) designates the rezelver potentlal at 09C
t 2. = temperature coefficient of the receiver
#y = temparature cosfTiclent of the compensating diode
E oo T = temperature °C
Vs = positive supply potential
Vg4 = compensating diode potential
RS = resistor providing compensating currant
Ré = resistor providing the offset bias from the diode potential
N B2 13 a zommon fazior and can be eliminabed Tnus:
DI L T T
R1 Rt 84 RS
T
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Sinxe at
T - X—é - Vd (TQ)
o RS RS
then,
N T ay - T
R R5
From which
3a
RS = T R
r

The term V. /R6 1is the offsel ocurrent equal and opposite to the ocurrent from
the diode veltage and RS at temperiturs T,. R6 13 found from:

The values for R5 and R6 are found after determining a, and ay and they are:
RS = 11 751 onms, R6 = 222 B&7 ohms, and any DC offset discrepancy can be

removed by suitable adjustment of Vc'

The errors {n reading the battery voitage over the temperature range of 10°C
to 40°C are shown in Figure 7, and the maximum error at + 40-C is 5,5% at a
vattery potential of 4 volts, That is, It reads low in a safe operating

condition when the batteries require replavement.
Calibration ard Results

Since the current between the twe hemispheres .s proportionsl to the square of
the radius of the sphere, it {s not sufficlent t.. =ely upon calculation for

the calibration,

The calibration was performed betwsen parallel plates 2 & by 1,% m, placed 2 m
apart, using a potential divider accurate to 2% at 100 kV K3, The value of

the capacitance, €, is 6,2 nF and Tadle 1 shows the calibration res..ta,
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Calivration of Spherical Probe
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AC Field Meter Calitr:
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Tners i3 8 zero error dus to low frequency AC nolse currents in the

ifier, The minimum reading iz 0,2 KV/m or less. Some of the error in

Table 3 may be “ue Lo the potential divider,

Orice the probe has been calibrated with the parallel plate, then a labtoraltory

bration can be simulsted using a bi-phase AC voltage and two capacitors as

snown in Figure 8.

Tre values of C, and Cy are determined by adjusting them until the previocusly

brated sccerical probe reads 50 KV/m.

In a precision made aphere they could be caleulated from:

ca Cb
s = P P2 o4
Vo 3 Vsig A 2 vsig T e

Since € = C2 and €, = Cp, with the outpul voltage intc the transmitter belng

0.7 V EMS equivalent to 50 KV/m, then, with V = 25 VERMS (12,5 = 0 - 12,5}

sig
vo
C = g (2
a Vmg
~ 180 pF

-r practice, the calibration capacitors will be different for each probe due

to the difference in radius.

une nmapacitor callbravion, the maximum error at 6.25 KV/M was - 0.86%.

The frequendy responss is -2,2% at 10 KHz, and -20.4% at 20 KHz. Figure 9

shows the results of an equipotential plot at a constant height arourd an

irregolar structure comprising an alum/nfum ro¢ of B mm d.ameler bent into a U
shape of si+e 220 mm and base 560 mm, The probe s 62 mm dismeter so that it
is rather more tran 10% of the U bhase, but the plot still gives reasonable

resolution.
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Conelusion

A& small spherical probe has veen described using simple methods to provide a
potential free sensor in an electric fleld with an overall accuracy of vetter
than 10%, and with the ability to measure the sansor battery potential, which
{5 necessary to avold errors in reading the electric field when the battery
voltage has become low due to sxhaustion of the battery.

The components used are low cost optical transmitters and recelvers,
1ess than $3

being
ch, and the optic fibre link and connectors costing the most
at $202, inclusive of the optical connectors.
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