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ABSTRACT

An inVestigation into the behaviour of artificially produced
ions, released from a point source a {ew metres above the
Earth's surface, is presented, It is shown both experimentally

. and theoretically that the ions form a plume downwind of the
ion source and, moreover, that the nature of this plume is
rather similar to that of a smoke plume, Electric field and
ion concentration measurements have been used to deduce certain
features about ion plumes and distinct connexions between ion
plume behaviour and the local meteorological conditions have -
been observed, In particular, the use of bidirectional. vane
techniques has indicated that ions can be used quife success- .
fully as a tracer in short range atmospheric diffusion experi-.

— T ments., The technique does, however, "possesgs certain-limita-————-—

tiohs, the details of which are included in the text,
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 EQREWORD

In accordance with modern practice, I have used the rationa-
lized MKS system of units thfoughout this thesis, Apart from

. .any adherence to convention, the employment of this system _ ~
is both convenient and simble and thus the choice seemed

obvious,

Considerable confusion has arisen in Atmospheric Eleetricity
when discussing electric fields and potential gradients.
Unfortunately, quite often, the term 'field' has been used
to denote dV/dz and not, as the definitiOn-strictly requires
-_dV/dZ. Here z is the height, measured vertically upward.
In this work both the terms potentiai gradient and electric
field have been used, but great care has been taken to employ
"* 'these correctly. 'hen discussing experimental results the
_ numerical observations are, where appropriate, expressed in
~ terms of potential gradient to facilitate comparisons with

other work}

The descriptions,ioh plume and space charge plume are used
virtually synonomously in the text. Strictly speaking, the
.term spacé charge plume is more accurate because the artifi-
c1a1 1ons, 6n leaving the generator. become mlxed w1th natural

. ions "of both 31gns. In cases where it is necessary to dlstln-
gulsh between the\two concepts this has been done,

S~
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Chapter 1: INTRODUCTION

General Background -~ .. .. . _. .. . 7 -
The lower atmosphere consists of a uniform mixture of gases,
the chief of these being nitrogen, oxygen, argon and éarbonv-
d?pxide. In addition, there is always preéent a relatively
'small. but'nonetheleés highly significant, proportion of
water vapour, - Unlike the gases, the concentration of this

- vapour varies both from: time to time and'from:place to
piace. It is, in fact, ﬁhese constant variations of water
vapour content which are, to a.great extent, responsible .

for the various types of weather,

As weli as the suﬁstances‘referred to above, the atmosphere,
-and particulérlj thewlower'atmOSphere. élways contains . sus-
~ pended parficulate mafter in considerable.amoﬁnts. Iﬁ times
past, the origins of such matter wereiaimdst-exclusiVely
natural and arose from activities.such as volcanic erupfions
and the evaporation.of séa-Spray. However, in the 153% cen-
- tury or éo. and pafticﬁlarly in industrial or urban environ-
mehts,-man's'activities have resulted in very consi@erable
increases in the concentrﬁtions of particulate, and other,

materials,

In addition to the substances above, there are varying cdﬁ-
centrations of ions preéent in the lower atmosphere, The |
existence of such entities was recognized as early as 1899' '
by ELSTER and GEITEL, but at that time their origin was
obscure. Latér EBERT (1904) found_that'air'diffusing from

-1l -



fhe grcund contained ions. tne ionization resulting,presua
mably from radloact1v1ty in the earth's crust HESS (1911) -
discovered that ions were more plentlful at higher levels B
in.the etmOSphereq Thls was later attrlbuted to an effect

- of cosmic. rays.

A most 1mportant property of ions, partlcularly 1nsofar as
this project is concerned, 1s their ability to. per51st for
periods of_up to several minutes (or even longer) in the
lower atmosphere. CHALMERS (l967)-givee values of 20 - 306-5
for the lifetime of a. small ion (See Sec. 3.2), depending'..
on the locality. Any ion, being electricélly charged, Will.
of courseg-moﬁe in an electric field. .It has been known
uEince 1752 (LEMONNIER) that sich a field.enists near the
'eerth'e surface, However.-the.magnitude of this field is

' such that, except perhaps in stormy conditions, resulting'.
ion motions are only in the order of a few centimetres per

-' second..-Conseqnently, tne morement cf'ions. at least in

the lower'atmosphere,:is often largely determined by the

wind, =
. N- S .

The actual concentratlon of ions near the surface is small,
only about one molecule in 1017 belng ‘ionized at any one
time, This implies that there are in the order of 107

ions of each sign in a cubic metre of air,



Artificia;lx produced ions and the concept of a space charge plume

c

- We can readily eﬁvisége the existence.of a cloud of ions in
the atmOSpheré. such an éntify being, in all probability,
rather similar in nature to a puff of smoke. The origin of
the ion cloud could be either natural or artificial, but in
both cases the cloud will be bléwn élong with the wind,

iike a émoke puff, the 16n cloud will become more dilute as
it moves downwind, .If the numbers of ions of each sign.
‘(asshﬁing they are singly‘charged)_within the &lﬁud are equal,
then the tota;ﬂnet charge will be zero, Howeyer, if ions of
one sign are in thé majority, the cloud will poésess a net
space charge. Elementary electrostatic theéry predicts that
there will be an electric field in'thé'vicinity of all space -
charges and bonsequent;y electric field observation may be a

useful technique for the detection and measurement of such

charges.,

KELVIN (1866) was the first to recognize the efﬂecté of man-
made'Space charges, He measured the electrical disturbances
‘due to locomotive steam and concluded that it-was-always
positively charged., Much later, WHITdexuand CHALMERS (1956)
obser?ed that these space chargq "packets” frpm steam'loco-
motives were'detectable as far as 1 km from their source,

In féct, many combustion prodesses produce Space.chargé.
-MUEHLEISEN (1953) found 1arge positive- charges in d1esel
exhaust gases and negative charges in the effluents of chemi-
cal factories and gasworks. OGDEN (1967) has also repbrted

positive charges near diesel engines,.



The high electric fields during.sﬁewers and thunderstorms
of ten result in copious ion production by point'discharge»'
processes, In.this case, the ioﬁizatiou results from
electron-molecule and ion-molecule collision phenomena
o in t the hlgh fleld ‘regionrear the p01nt. The ions, once
produced. are blown away from the p01nt by the w1nd vIn
,many.respects this is a very_51m11ar situation to that of .
smoke being blown from a ehimney5stack, it-being a matter 1
“&ef familiar expefience that, usually; a long plume is-
formed - downwind of’tﬁe'source. Observations show that
the size of a smoke plume steadily increases as it moves
_downwind, this diffusion procese'being‘intimately connec-
“ted with the gusty, or turbulent. character of tﬁe wind,
Similarly, when point dlscharge occurs, we might reasog@ly.
expect that an ion plume will be formed downw1nd of the

p01nt As in the case of the smoke plume, the d1mens1ons

of the ion plume will 1ncrease at greater distances from the

ion,source..

———~—-“-—MAUND (1958) has ‘shown “that, at horlzonta1“dlstances les§™

-~

" than about twice the helght of a discharging point, the ion "

. or  gpace charge plume may be regarded as a line charge,

| -That is, the effects of turbulent diffusion can be ignored

relatively near the source, MAUND,.in fact. wanted to - e

T estimate the current flowing through the p01nt by comparzng -

the upw;nd and downw1nd electric fields. Con31der1ng the.
ion plume as a iine chaige, therefore, greatly facilitated

his theoretical calculations of electric field.



S
CHALMERS (1967) suggested that if space charge could be gene-
rated artificially, then measurements of'chérge derisity down-
wind of an ion source might provide useful informatioﬁ on
atmospheric diffusion, 1In fact, CRAMER, GILL and RECORD
(1954) had already used an electrically charged shoke. rather.
than ions, to conduct just such an investigation into the
effects of turbulent diffusion., However, experiments invol-
ving the use of ions, although aléo suggested by LARGE and
_PiERCE (1957) and OGDEN (1967), do not appear to have ever
been carried Aut. Teéhﬁiques’involving ions would in many
ways be closely éhalogous to more familiar methods using
such substances as sulphur dioxide. Spacé charge density:.
measurements in ion plumes have their counterpart in S0z
concentration measﬁrements in those plumes, but electric
field measurehents offer a unique tool fér the investigation
of ion plumes, no analogdus measurement being possible with
uncharged plumes, Tﬁe value of the electric field at a par-
ticular péint is determined by both the total chargé present
and its distributioﬁ in space relative to that point. “Theref
| fbre, eléctric field meésufemenﬁs near ion plumes might pro-
Qide'dseful, certainly ‘interesting, information regarding the

behaviour of plumes in general,

Point discharge currents depend, to a consider#ble, extent,
on the wind speed as weii as the prevailing elé&fic.field.'
COnsequently.-é dischaiging point, being. therefore a variable-
output ion sburce,fwoﬁ;d hardly be.suitabie for an investiga-
tion of turbulent diffusion, In order to minimize the effects
of the earth's potential gradient, LARGE and PIERCE (1957)

connected a raised point to a high voltage suppiy’in'their

-5 =



'nal,electrlc f1elds,.1t mlght be poss1b1e t6 construct a

studies.

'Etudies-of point discharge; These workere'were interested

in the effects of W1nd on p01nt dlscharge currents and

therefore the p01nt was left exposed. However, if a dls-

- charging point were shlelded from both the w1nd and exter-

constant-output ion source'sultable for,use.rn dlffuslon'..

'DAYARATNA (1969) 1nvest1gated the behaviour of art1f1-

cially produced ions in a wind tunnel. However, his
des;gn of ion generator. ‘being specifically intended for

work in wind tunnel environments, could not readily be

_adapted-to the rieeds of the current project, Details of

the eonstant;output ion-generator-sﬁecially developed for

usenin the diffusioh studies conducted here can be found

.- in Sec. boh, “:.- R - 1.::'i:ﬁd




13
. The nature of the prOposed 1nvest1gation and the ch01ce of '
experimental sites

- The basis of the‘proposed investigatioh-has alread& been inti-
-mated in the previous section, Consider#ble_interést has
always been centred on.the dispersal of atmoépheric poll&-
tants, usually produced by point sources, and thus it was
thought that an analogous study, invoiving the uée'of a

‘point source of iohs.‘might be very worthwhile,

Much previous work on turbulent diffusion has'required the
expenditure of considerable resources, both in terms of
man-hours_ and equipment., Many reseafch programmes have: '
been really ambitious, notably the Project Prairie Grass in.
1956. In this stﬁﬁy several hundred sampling stations were
placed in a series of arcs downwind of a point source of
sulphur dioxide. Howevér. as the present investigation

had to be conducted virtually single-handed, relatlvely

‘modest goals were set,

It was propbsed to deéign aﬁd construct a constant output
ion source capable of pr;ducing either negative or positivé
ions, the-choiée beiné that ofAthe experimenter, Thig ion -
- source was to be mounted on a mast, and, at various distan-
ces downwind, the elgdtric field and ion concentration were
to be measured, It was hopéd that méasurements would be

feagible up to about 500 m. from the ion source.

Af this stage, it was clear that certain meteorological
observations would be necessary in order to make the best

" . use of the electrical measurements. The wind speed and

4



"direction both have a considerable effect on any plume .
ahd; initially,-it was proposed that just these quantities
be measured | Later..it'was'eipected that, as experimentall

" work advanced, more sophisticated meteorologlcal data would

S -t —- be requlred.u

- : 'The eXperimental'technique.Was ehtireiy novel and therefore,
| to some extent the 1nvest1gatlon was. open-ended, that is,
no preerse obJectlves were defined, The a1m of the pro;ect
was to investigate the behavieuriof ifon plumes in .as much
detail as possible, and then to try to draw comparisons

_between these and plumes of uncharged material,

a Clearly, an investigation.of the type proposed demandé_ the
use .of a.site where pollution levels are low, otherwise ‘the
effects mentioned in sec, 1.2 might produce erroneous .

results, - . S —

:zPreViouQIWOrkers'at Durham, e.g. SHARPLESS (1968), have
—m——f_«—~5cohdueted extensive investigationsfét Leneheéd,“Which.is”m_
situated high in the Pehhine hills in West County burham..
SHARPLESS eoncluded, from his electrical measﬁremehts, that
: atmospherlc pollutlon levels were m1n1ma1 in this area and

consequently it appeared sultable for the current proaect.

2 Ih partlcular, the existence of a large, and substantially

.level area néar the top of the-hill, 1 km NNW of the centre_'

' seemed an ideal location for the experimental work. In'-
fact, initial .work was carrled out at this s1te, but owing
to_the.altitude (600 m ), severe weather was often experien-

ced, even in Summer, and efforts were therefore ‘made to seek

a more congenial environment in which to conduct the experi-

ments.,









The use of a site at Oxen Law, about 6 km SW of Consetf.'was
ébtained{ . The terrain in this locality consists of gently
'rolling_g:ass and moorland, with relatively fewltreeé'or
other projections iikely to disturb the air flow. The ele-
vation of this site is only 300 m. and, together with the

: facf that it is only half the distance from the University
(30 km) as is Lanehead, made it an attraétive proposition |
for experimental work. The details of this site are shown

in Fig.P? .

3>

Some ihvestigations'were.also carried out in a large field
at the University Sports Centre, Maiden Castle, Durham,
'Detaiis are shown'in Fig.RZ o . The Ceﬁtre, which is loqated )
in a very shallow fegioﬁ of the Wear Valley, is only 1 km
from the University, thus makiﬁg-if a very convenient field

work site.

Despite the proximity of COnseft in the case of the Oxen
Law site, and Durham in that of the Maiden Castle site,
surprisingly little trouble'was experienced:frqm air-psliu-
tion. Occasionally difficulties did arise, however, and

these are discussed further in Sec. 3.2.



“"7in common with that of smoke plumes, was largely determined

Chapter 2: THE DISPERSAL OF IONS BY TURBULENT DIFFUSION

21
Pu;p;se of the Chapter

It soon became obvious that the behaviour of the “ion plume,

by the local air motion, It is my intention in' this chépter

ltp.prgsent first'a‘brief accounf of the general nature of

winds and secondly to examine in detail features of turbulent

fléw relevant to this project. A steady state plume model,
based on traditional methods, is first presented and then,
in_view_of the statistical néture of turbulence, more reali-

stic-“fluctuating plume” models'ére proposed. The electric

) flelds due to the ion plume may then be computed by applylng

an apprOpriate model

Certain electrostatic effects are also capable of influenéing_

thggbehaViour;of the iOn,plﬁme. These will be discussed in

- thé»following chapter,

< LU UV VU —
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Initial Considggafions

REYNOLDS (1883) showed that two dlstinct types of flow exlst;
at relatively low velocities the fluid moves in a steady.
quiet manner - laminar flow. whllst at hlgher velocities the
flow becomes irregular and unpredictable - turbulent flow.

It has been found in the lower atmosphere that winds are
néarly always turbulent, observation of_a émoke plume readily .

confirming this,

'Any flow requifes-a continuous input of energy to maintain it,
otherwise its—iinetic energy would decrease, being ultimately
diésipatgd by viscosity as'peat; Solar radiation is the
driving force as far as the earth's winds are cdncerned.

The sun's heat prodﬁces large-scale conVegtive-systems which
are modified by the Coriolis force into the extensive vortices

known in our latitude as depressions and anticyclones,

At heights above 500 m., it is possiblé'to neglect the fric-
tional effect of the earth's surface on the air flow.. At
these levels the flow is.the resulf of a balance between the
éressure_gradient and Coriolis forces and is referred to as
“the geostrophié wind, Further details on this and other
.aspects of synoptic scale meteorology.caﬁ be found in BRUNT "

(1939) and are therefore not discussed here, -

The increasing effect of friction at the lower levels causes
the relatively steady geostrophic flow to be broken down into
a series of irregular vortices near the ground; The mean

velocity of the aif graduélly reduces untii_at the surface it

- 11 - .



is ploSé to zero, This layer between the surface and the

'geoétrophic flow region;is kndmxas the pianetary boﬁndary -

or friétioﬁ layer. It is_the-physics‘pf.this layer which

R  is of most intérest to us in this project}

i N .
1 ~ 4
.
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23 ' |
The Transport of Material and Momentum in the Earth's
Boundary layer '

This is a region in which momentum from the geoétrophic_layer
" is. continually transferred downward towards the earth's sur-
face, The flow is turbulent and thus fhe momentum flux takes

the form of eddies,

Letvus.now examine mathematiéally some of the consequences of
- the velocity fluctuatiéns which occur in all turbulent flows,
It is custoﬁary. both in the measurement and analysis of
atmoépheric turbulence, to_cﬁoose the co-ordinate directions
(x, y and z) so that the méan velocity (7) lies along the _
x-axis, thus making the y and z directions those of the.laterél '
and vértical-components respectively, _This is represented in
Fig. 2.1(a)., It is éléo conventional to regard an instanta-
neous value of velocity at a particular point as being the sum
of a mean and‘a fluctuating component (see Fig. 2.1(b).,). It
.is, of course, perfectly feasible to consider other varying
quantities in a similar manﬁer; this approach being used

extensively later,

In the case of the longitudinal velocity component , we may

write its mean value u as,

U:-ljudt q21)
' o' -
by definition, similar relations holding for the other two

components v and w,

Suppose we were measuring the concentration‘X‘pf a pollutant
as a function of time, Then, by emplying the above method,

we can write:

X ()= X +X(t) (2.2)




where the. overbar and prime refer to the mean and fluctuating

components as before, R - o

"Consider-now'théiefféct.of a turbulent flow on fﬁe-ﬁi#tfibu-.
tidn 6f material; the system being'assumed horizpntally homo-
"geneous for the sake uf simplicity. This implies that X is
function of the height, z, only. The amount of material

cr0581ng a small horlzontal surface 1n the upward d1rect10n .
is given by: ' -

'r23r

that is, the flux is equal to the 1nstantaneous concentratlon

multlplled by the vertical veloclty.-

‘Expanding 2,3, we obtain:

' It% =R+ XNT e w)

and upon multiplying out and taking the time mean value, we

finds _ T
: .qu : _=. iW + )—(w' . X7 o_rw‘ (2. 4) '

___Tf—"FCertaln of the terms in 2,4 can be ‘shown "to be” ZEro. I “the "
. calculatlon of-the product )fW , for instance, it is clear

that:

S Yw = X e e

.since the quantity w acts only 'as a coustant coefficient .
-for the fluctuating portion-x'. Further, the mean value:
offif is zero by definition. In view of'this.'equation 2.4

. simplifiés tos

"_'“ M, . Xw « X | 125

T
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Conventions used in studies of atmospheric
I - turbulence

(a)Choice of co-ordinate system

z vertical axis
} velocity component— w
—>
MEAN WIN ,
) ;x. .
downwind . axis
| velocity component—- u
y*

crosswind axis

velocity component- v

- (b)Mean and fluctuating_ values

velocity
component

ua

o . _mean vélocity
/'1“/\ 1! : — i over ti_meT

— - /
uit) = U . + U
~actual mean " tluctuation
“value ~ value '



e

The first term represents the flﬁx to be associated with the
mean vertical motion and would have appeared even if the flow
had been laminar. The second term, whih is not necessarily

zero, is apparently a transfer caused by the,fluctnations then-

seives_.

In the lower atmosphere, the mean vertical velocity w is
usually-Small and can normally be ignored in comparison with

w' . Hence, 2.5 reduces tos

M,= Xw | (2.6)

We may géneralize eﬁuation 2,6 to represent the transport of

other entities by tﬁrbulence. In_pafticulab, we could writes

Y = duw (27)

to represent the transfer of momentum in the boundary layer,
The density, ¢, appears because the instantaneous momentum is

. du per unit'volume. this, therefore, replacing X in 2,6,

.. The quantity T refers to the amount of momentum crossing a

dhit horizontal surface and is known as the turbulent or /

Reynolds stress,

The viscous stress is, as usual, given by an expression of the

type:s

- du
v dz {2. ;8)

. - ' e ]

where A is the coefficient of viscosity..

There is no physical reason why viscous and turbulent effects
cannot occur together. However, it so happens in the atmos-

phere that the Reyﬁolds stress is much largef than any viscous
Ay . . . )

- 15 -



stresses, Thus, in most cases, it is quite satisfactory to

cdnsider_the Reynolds stress as if it were acting.aloqe.'

_i6 -
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The Concepts of Eddx Diffusivitx and Viscosity

In the previous section, we establlshed a 91mple relatlon
for the flux of material that is transferred by the turbu-
lent eddies, Naturally, our main interest here is the trans-
port and diffusion of space charge, réther than these more

familiar entities.-

Apart from certain electrostatic factors to be discussed
 later, there would seem to be no reason why equation 2,6
cannot be generalized to include space charge transfer,

Hencee we may writes

S—,z =z é)Tﬁ? ‘(2.9)

where e is the instantaneous épace charge goncentration
at a particular point and S, the Spéce charge flux (equi-
valent to current per unit area), We now recall the rela-
tionship between flux and concentration for a simple molecu-
lar diffusion process, Fick's first law states that the flux

" of material is proportlonal to the concentration gradlent.

-thus:

m = -Dmdz (2.10).

where m, is the upward flux of material due to molecular dif-
fusion and O, the apprOpriate coefflclent Similarly, in
the SpeCIal case of space charge, we can wrlte, by analogy.

—

that:

s = .p 4P (2.11). .

Early workers, notably SCHIMDT (1918), explored the possibi-
.1ity of representing the turbulent fluxes in a way mathemati-

cally similar to their molecular coﬁnferparts, This is, of

o7 -



course, largely just a mathematical'artdfioe-beoause_the mecha -

nisms of molecular and turbulent. transfer are so different. .

‘On this basis, we can rewrite equation 2,6 in the form:

. N - RN o

m d 1 - B

where'K‘m is a turbulent diffusion coefficient for the material

anddivvé the gradient of mean conc¢eéentration,

A cautlonary note should be sounded here regarding the nature"
of K, The reader is probably aware that a molecular diffu-
sion coefflclent is essentlally a property of the fluid and
dlffu51ng.3pec1es. This is not, however. the case with tur-
;_puient.diffusion.coefflclents as their values depend on the
_nature of the fiow rather than on that of the fluid itself.
- We'shali see that-inﬁthe.lower'atmoéphere kK can vary by as

3muoh as two orders of magnitude as the conditions ¢harige,

--We may'extend'the exchange coefficient hypothesis, as it is

known, to- 1nc1ude the transfer of momentum and presumably

'*—“*“““ions. “In the_caae of momentum we writes-

= a | "
-T- {(___d—_- - [2.13)

Q

-wherek’  is referred to as the.eddy v1s0081ty. Slmllarly.

for the turbulent transfer of space charge we obtain:

!

S, = Ks ch‘ | (2.14)

Prov1ded that the 1ons are in low concentrat1on, so that the

electrostatxc;effects-are small,.we may assume that there .
~will be no difference between the transfer mechanisms of

ions and:those-of any other material. This implies that:




KAWANO (1§57).has determiﬁed a value for K; indirectly by
measurements‘of.electric field ,conductivity and space-charge,
whilst HOPPEL and GATHMAN (1972) performed a similar measure-
‘ment by a slightly different.method. All three workers find |
- values of K_ ndt far removed from those of K, and we may
assume thaf'the similarity in tfansfer mechanisms is experi-

| mentally established,

;19-



2.5

L

Some Important Cases of Turbulent Diffusion in the Lower Atmosphere

" . - The Basic Equations ' - .

‘It .is the purpose of tnis section to apply the results obtained
... previously to describe the behaviour of space charge clouds., - - -
| As a point-source of ions was employed, it is obvious that
- diffusion Will'proceed in all three co-ordihéte'directions'
and, therefore, we must generalize the transfer relations to

1nc1ude those cases. Hence we write:

3
i

.<U) | xml
] 1}
[]
e
v 9
Iw'*w QF

-Kx

(2.15)

N
[]
]

NX

@

N

) fhe.subscript s has been omitted from the diffusivity because,
in future, we shall only be concerned with the diffusion of

. gpace charge. The possibility of non-isotropic diffusion-has.
.-:ﬁowever. been allowed for by inclusion of the directional sub-

—n—f~~-scripts'x. y, and z,- In practice, atmospheric diffusion pro<

. cesses are rarely isotropic, particularly inithe boundary layer,.

Equations of the type 2,15, whilst being mathematlcally s1mp1e,
are not, from our p01nt of v1ew. in a very ‘helpful form. We
wish to know, if pos31ble. how the space charge concentration
varies downwind of the source, Suppose we consider the flux
of space'charge.through a small'volume and at the same time,
'inapply the principle of conservation of charge. It is found

that:

& LB, 2 x5,

S dr T xax oy Yy az/

S8 )| (2.16)

Z




the S - _ o : ,
e details of a similar derivation being given by SUTTON

(1953).’ -If Kx,Ky and K, are independent of position, we

| may simplify 2,16 to:

as . Ka‘F ‘. KB"F PE-al ) '(2_77’

and, if the diffusion process if also isotropiec, thaf is

K =K =K_ = K say, ‘l?henu-
ds =szP . | 2.18 -
dat ' ) {1}

where V* is the Laplacian Operator.

- ‘We now consider some relevant solutions of these equations,

5.2

Diffusion from an Instantaneous Point Source'

N

.-
This type of source is-exgmplified in practiée by a sﬁxol;el
bomb or shell burst., We imagine a source t'hat suddenly
releases a.quéntity Q of s‘pace' charge and thereafter ée'aséé,
to éroduée ions, We further assume, for mathematical simpli-

.city, that the ion source is far above ground, The boundary

.conditions in this case are:
P—=0as t — 0 at r =0,
f’ — 0 ¢t — o,

r being the radial distance from the source. |
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If we assume that the total space charge is conserved, we may ..

write: . . o . . - : L -

dev = Q | (2.19)

e éuweﬁhere the integral is with respect to volume., - i ’ —

We also assume the diffusion process is isotropic, and, bearing
in mind the symmetry of the system, we can rewrite equation

2 18 in the form:

3- -]
Flr‘.

18
~

QJIQl
f 7.lx

(2.20)

Qj
| ™

The solution of 2.20 was first given by ROBERTS (1923) and is

explatoa) |- (2.21)

EE _
. == t S —
pluratl = gmgipe  Plrx

"We-obServe that the_cdncentraﬁibn. at any particular time, is
- a'gadssian function of tﬁe radial distance, a feature which is
ipﬁariably presgnt in the solutions of diffusion equations of

,'thisjtype. T
‘—4”————A"sltuatlon of more “interest to ourselves- is the" dlspersal of
a puff of ions in a wind. ROBERTS assumed that the dlffps;on
: procéss'continges in this case aslbgfore, the diffusing'puff.

" being merely carried bodily forward by the wind.

In certain circumstances, it mlght be poss1b1e for small por-
tions of a plume to become virtually detached from the maln.
- gystem, quatlon 2,21 may therefore be of assistance when

‘discussing the behaviour of these separated elements,



/. )

2'.5.3 :
Dﬁggusion from a Continuous Point Source
2.5.3.1 .

Ion Source_in Calm Conditions for Above G:ound'

We can find ﬁhe solutioh quite simply in this case by inte-
grgting 2,21 ﬁith respeéf to time. This.is equivalent to
copsidering a continuOUS'ion.source as being the sum of an
infinite number of instantaneous sources, (More details 6f
this technique_can be found in works on the conduction df
heat, e.g. CARSLAW and JAEGER, 1959). We rewrite the .inte-

gral in the forms . |

t .
--{x‘ 2.t . 0 f-% -rt
Plxyzt) = e f expl Zper! o
. a .
which has the solution:
et - 1 r_ (22)
plwatl = roe o k!

where erfc denotes the complementary error function and i

is the net current output of the ion generator,

The behaviour of 2,22 is illustrated in Fig. 2.2(a) and this
shows clearly how the charge builds up around the gourdé.

At large values of time-expfession 2,22 takes the form:

plrl— (2.23)

LTKr .
' This case of diffusion in calm conditions is, although of

interest, rather unlikely to happen in practice, Occasio-
nally, the wind speed may be low enough'for.the prchss to-
commence 5ut it is thought that certéin electrostatic fac-
tors would intervene, and as a result. prevent such a build-
ﬁp of charge.actually occurring.' This point is discussed

further in the next chapter,

.-'23'-



2.5.3.2

Continuous Ion Source in a Wind

We turn now to a much more familiar situatibn - that of a
continuous source in-a wind, It is a matter of common expe-

rlence that in these clrcumstances. a long plume of materlal

1s formed downw1nd of the source, see Fig. 2,2(b), ..We.assume,_ .

as before. that.we,can describe the d1ffus1on process in

‘terms of equation 2,18, However, in this case we must also

“allow for the advection of ions by the wind. Making fhis

adjustment we find that:

;' (2.24)

01

w3 -
S FA

=)

|y

.where u 1is the wind velocity, assumed constant,

. Equatlon 2.2 is d1fflcult to solve as 1t stands and therefore

we shall only con81der the steady state solution obtalned by

settlng 9prsot | equal to zero, Any golution can only give .

mean values of the cohceﬁfratioh; and it should be clearly

_appfeciated that. in reality, -the concentration fluctuates in -

the v1c1n1ty of all sources. (The diffusion theory employed

i cannot p0351b1y predlct the fluctuations’ because, at the out= "

set, we dellberately expressed the instantaneous fluxes in

terms of the gradients of mean eoncentratlon).

¢

The.steady state solution, first given by ROBERTS (1923) is: .

v

o ixyel - o exg U2l | |
p(&x;l R exp[—. —4%—] - - (2.25) .

‘Equation 2,25, which expresses_the eoncentrafionsdownwind of

an isolated point source, can be readily adapted to the case
where_the-souree is near the ground, a sithation which is,
of eourse. of particular importance here., The details of

the modification are not discussed as a full account is given






by SUTTON (1953). It is found thats

Plxyz) ' 6xpl-uy‘l 'expl;u'{.z-h)z] . 'exp[-ulz'h).z] | r2.26)
4 LK x LKx bkx T 4Kx T

where h is the source height.

MAUND (1958) used'aﬁ equétibn similar to 2,26 to estimate the
eleétric'f;eld under an .ion plﬁme. In his-case. thé ions were
produced by.a-pdint discharging dufing stofmy'conditions. his
requirement being to estimate the point discharge cgrfeht by
makihg electric field meaéurements_undér the plumé.

e
.

The implications of ‘equation 2,26 are difficult to visualize,
As it stands, however, it is clear that both the crosswind |
‘an& vertical concenfratibn profiles:are gaussian, As a simpli-
fication, considér the variation.of concentration.directly
.under the plunme axis.‘fhis being 6btained by setting'y and z

. equal to zero., Thus:

- s '
F{'X,O,a).'z—n-'(-x—eXP[u—a']. ' {2.27,

It is found that in all cases, equation 2,27 predicts that the
concentratioh attains a maximum value at a certain distance .
downwind, This feature is found in practipe although not

" necessarily at the distance predicted B& the equation,

' Equation 2,26 forms the basis of the steady.state.pluﬁe model
‘and its application to electric field calculations is dis-

cugssed in the next chapter. We shail now consider certain



stétistiéal features of turbulence before proceeding with tﬁé

development of the "fluctuating plume models”,

”Fuller detalls of diffusion. theory and comparlson w1th experl- m;"

' mental results can be found in PASQUILL (1962)
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2.6
The Statlstlcs of. Atmosphere Turbulence and the Compllcatlng
Effects of Radiation and Topography

1 B
Preliminary Remarks

o

The smoke from a chimney changes ifé direction and inclina-
tion in response to the varying wind, Obéefvation reveals
that these métionsvare-random in nature and occupy'time,
.scales ffém é fraction of a second to many minutes, The ion

plume was exbected to behave similarly in the turbulent wind,

>
Previousl&. we absorbed_the dispersing effect Of.thé.fluctua—
tions into an eddy diffusion coefficient, However, the use
of this technique can only provide mean concentration values.
It is my»iﬁtention'noﬁ to develép more SOphisticatéd plume
: modelé ﬁhich cgn'prediet the fluctuating‘values of space chafge
' concentration-downwind.of.SOurce. We shall first digress a

little to discuss the topic of atmospheric stability.

N

2 ' '
A brief note on Atmospheric Stability- - U

During ‘the daytime, particularly if the sky is Clear; incoming.
solar radiation warms the grouﬁd. Air is virtually transpa-
;rent to the_radiation and thus- the ground temperature rises
mofe rapidly than that of the air. Close to the surface, how-
ever, the air is warmed in addition by the proximity of the

N hot groﬁnd. The effect is, of_course.jla:gest at the lowest
‘levels and we therefore would expect the.air température to .
fall rapidly with increasing height in these ciréumstaneés.
'Converseiy. at night, under a clear sky, the'earth radiatéé

heat and the ground cools more quickly than the air,. If the

27 -



radiation.effedt is strong-énough,'the'tempefaturé 6f'therair
may even increase with height for a short distance above the

surface.

e ———...When the sk§ is clouded and thg,nét radiation reduced. to low__.
levels, the #erficél temperéturé gradiént assﬁmes a small
negétive”§alue - the dry adiabatic lapse rate. This.lépée
?até,is, in fact, determined solely by thermodynamic proceSSes

“and is numériéally about 1° C, per 100 mcf
The three cases above are those of unstable, stable and neu-

tfal conditions respectively.

It is felt that the majority of readers will be familiar with

- these effects hence the brevity of this discuésion. Further

details are to be found in SUTTON (1953).

N
W .

6.

.. Fu ﬁamepﬁal_Qhapacte:istics_of the Veiocity Fluctuations

The ﬁean_and standard deviation are of fundamental importance

.in a statistical desc¢ription 6f turbulence., We denote the

Hmean.by an qverbar.as before, the standard deviatioh being
reprgéénted by.fhe symbol ¢ , A quantity which is of con-
éiderable ihtérest is the gustiness (g). It is defined by -~ -——

thg.relationSz

o o
9% = T

P ’ dv ’
gy = : .(2-..281'

. - (_l'." [P
% =7
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/.
and is a measure of the intensity of turbulence in the three

co-ordinate directions,

- In the lower atmosphere it is.normaily found that gustiness

_ values lie'between- 0.1 and 0.2 for the g, and 9, 'COmponente.
while g, tends to be more variable, Early researchers,
notably SCRASE (1930) and BEST (1935), soon discovered that,
near the ground. 9, was usually larger thang, , the diffe-
" rence becoming more accentuated at lower levels, This was
atfributed to the preseqce of the ground inhibiting vertical
motion, end fﬁus.'near thersurfhce; the turbulence is aniso-

’ trop ic .

At higher levels wifhin the boundaryliayer it.waS'discovered
that the turbulenf energy was more equally distribdted among
its components., In practice; this equipartition is only -
attained at heights above 50 m. or so and thus all_the'experi;
mental work in this project was conducted in the lower, aniso-

tropic region,

| In'unsteb;e conditions we would expect the vertical velocity
component, in particular, to be enhanced by convective effects
and the level of turbulence;to be augmented generally., Con-

" versely, in stable conditions; the vertical motions tend to be
suppressed and thus turbulent activity diminishes, It was men=-
. tioned that turbulence arose as a result of the frictional
effects of fhe earth's surface, and in neutral and. stable con-
ditions this is undoﬁbtediy true. In unstable conditions cen-
vective effects also contribute to the turbulent energy and

thus, in this case, our orlginal statement needs modlflcatlon.
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A very useful parameter, introduced by RICHARDSON 11925)
enables one to compare the relatlve 1mportance of the thermal
and mechan1cal parts of the turbulence. Rlchardson, in hlS
analys1s, compares the dlss1patlon (or productlon) oP energy

by mechanlcal and thermal processes and concludes that the

quantlty:

N

32

. . - g . ..'
Ri = = z (2. 29)

_i' - | [____

CI

90z

is of considerable importance.,
In the above T - is the absolute temperature,
:?mz the mean temperature gradient,
- . . _df)l..az' the mean wind speed g_rad-ien.t,
| ™ the drj adiabatic lapse rate,
. and g the acceléeration due to graVity.
- He suggested if Ri were less than unity, the flow would remain:
turbulent, but tbat'if Ri were greater than unity, the flow
' would become laminar, This criterion. although slightly
;_,__;“ _incorrect numerically.'does provide a_valuable indication.ofmmrm;__

‘the atmospherlc stablllty and has been used extensively in

thls 1nvest1gat10n.

It is possible. b&Vappropriate ma thematical techniques, to
present a velocity fluctuatlon record 1n the form of a. Spec-
7 trum. this approach being. used w1dely in practice, Spectral
' analysis has been a very -effective probe - with which to unc6ver
‘the.nechanisms of turbulence and we now consider a result of ‘
direct'reievance to this project. Analysis of the veloeity

variations has revealed that the thermal (i.e. convective)



processes~are'reSponsible for &ariations of freéuency lower
than those caused by mechanical (i.,e, frictional) effects,
Typical spectra illustrating this pdint are shown in Fig.2.3,
,Generaliy sPeéking, "convective" eddies have périodicitieS‘of
a few minutes whilst those of "mechanical” eddies are meésu-
~red in tens of seconds, This implies that-the'convectife'
.systems, as we might expect, are rather larger than those of
mechanical origin,  The reader is referred to PRIESTLEY (1959) .

for a fuller discussion of this topie,

T

264 T
Topographic and other effects

The majority of theoretical work on tye ﬁurbulent'boundary
layer has assumed the system to be horizontally uniform, '
Further, most of the ekperimenfal work has, until recently,
been_éonducted at locations where there was a considerable
expanse of flat ground. The implicationé.are that, strictly,
the'resulté discussed above should only be applied to'largé
flat areas, Althougﬁ this is.apparently a severe 1imitation,-
fortunately the essential features of turbulence are béfained_

even over quite undulating terrain,

One must bear in mind that'topbgrﬁphic effects will super-
impose themselves on the turbuient va:igtioné in a complex
way. Consequently, the observer must be able to recognise
' the presence of orographic, anabatic and katabatic effects on
his data. Additionally, if the site is near the coast, then

sea breezes may alter the conditions further,

The proximity of local obstructions had giso to be considered

when choosing a site. Clearly siting instruments too near
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trees.. or houses is most undesirable because of the'disturbadce

. such obJects would have on the'iocal air flow. In‘hoth sites

" chosen for- thls proaect (see Sec 1 3) it is not thought that

. this effect has caused any trouble,

Finally,'the fact that meteorological conditions are never
steady forvlbné, at least in this countfy, must also be taken
_into-eonsideratibn; The wind, for example, may be veering or .. -
back1ng qu1te systematlcally durlng an experlment, or perhaps
perlods of sunshine and cloudlness are alternatlng with each

other.

,Unfortuhately..as it is virtually impossible to quantify any
‘of the highly variable factors mentioned above, the onus rests:
very'mueh on the observer to assess the prevailing conditiens.
i Howeve:. by choosing one or two sites and WOrking frequently
atfthem, the aethor ‘suggests that it is possible to _become

~ familiar with a_location and thus kKnow in a rough, but useful,

'ﬁay'what is likely to happen.
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Showinqx the - effect of atmospheric stability

on the velocnty component spectro

(c) u sgectra

(b) w spectra
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The Influence of Atmospheric Stability on the Form of Plumes

Systematic-obéerfation of smoke plumes indicates that their-"
behaviour dependS'on‘the nature of the turbulence and conse- '
quently on the atmOSpherié stability. . The three types of
-plume behaviour;-shown'in Fig..z;hz. are known as loopiné,
coning and fanning, and can be associated with unstable,

neutral and stable conditions fespectivély;

'In»unstaﬁle conditions, the Qertical mo&ements are strongiy

. accentuated by convective effects."There is more turbulent
energy pfesent generally, particularly at low frequencies,
These large low frequency variations displace the plume
bodily, fofming the loops.- The higher frequency components,
wﬁich are responsible for the-sma;lef scale diffusive effects,
produce a progressive increase in'ﬁidth-as the plume is blown

downwind. : o o

‘During neutral conditions; thé mechanically‘produced'turbplence
‘ is neither suppressed nof'augmenfed because thermal efféc%s are
absent, Large, low ffequenéy eddies afe,absent and thereforg:
the plume shows little tendency to loop. The neutral stébi-
'lity encourages the variations to become isotropic because

the distihction between vertical and horizontal motion is,
effectively, removed;.'Thesg factors result in the material

spreading away from the source in the form of a cone,

The onset of stablé-cohditions results in turbulent activity
being suppressed, particularly the vertical gompbnent fluctua-

tiéns. Horizonta;-eddies still exist, to a limited extent,
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but very little energy is available for vertica; mbvement.
The plume, almost unable to diffuse vertically, takes the form .-

of a thin "fan" lying horizontally downwind of the source.

. It should be mentioned that theﬂdistinctién'between-these_V
- types of behaQipur'is not‘alwa&s as marked as indicated above, -
and theréfore cautibnvmust be ekercised ih applying ‘these con-'
' ~clusions to the ana1y51s of eXperlmental 91tuat1ons. Neverthe-

' 1ess, the concepts descrlbed here have been of con31derable

”ass1stance in understandlng the ion plume behav1our._
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e Evolyement. of Plume Models
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1
he Rdle of Plume Models -

3

The principal‘objectldf this projecf was to assees the feasi-

. bility of using ions, rather than more conventional materials,
in small-scale atmospheric diffusion experiments. It was
found that, whilst the ion plume behaviour could'be roughly
correlated with the atmOSphefic.stabilify; a more precise
knowledge of the changing plume»configuration would have been
very ueeful. These requirements prompted the'deve;opment'of
plume models which, when supplied with the necessary meteerd- )
.-logical data, would'realisticélly simulate the ion plume

behaviour,

N

The BIVANE Data Model Co ’ .

DAVIDSON and HALITSKY (1957) discovered that, if smoke piumes
were photographed oh cine film and the film -then wound back-
eards, an interesting feature became apparent., Portions of
the’ plume which were 1dent1f1ab1e appeared to travel back to .
the source in straight llnes. As the author's experiments _
were conducted at much lower levels than those of Davidson and
Halitsky, it was necesSary to .establish whefher'this "straight
line effect” still occurred neerer the ground, Some field
tests were conducted and.it was found that the effect waslmain-
talned w1th source helghts down to about 5 m., but, below thls
the presence of the ground caused a plume to depart radlcally

- from the stralght line behaviour,
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‘.Ve;OQity:compénents, thus making it pbssiblemtqﬂprgﬁigt_fhe :

It was Davidson and Halitsky's intention to reconstruct the
plume corifiguration with the aid-of bidifeCtiongl vane

‘ (bivane) data, A'bivané. in génjunction'with a.suitablé
énéndmeter. neasures the instantaneous values of the three
diréction"of the plume as.it leaves the source. By invoking
:thg'straight iine-hypcthesis, we may then predicffthe traa'
jectory of the plume element as it'moveé away downﬁind.'

The technique can be extended by compufing'the paths of the -
succession of élements whiéh;comprise'the plume."This is the

basis of the bivane-déta,modei.'-

. The'approach is shown in Fig. 2.5(a), where:only the X—2
“ p1ane is shown for reasons of clarity. Let us suppose we _
have u,v :aﬁd w' data from a bivane-ﬁear the ion source, and
tha%'the values of these components are averages over the sam=
ﬁiing interval s . We list these values below:

 Time - B Velocify Components Plume Element just
A _ . _leaving Source
- N R {
-3s L ; v x
, e A % ] P3
<2s A S
S | - “2 ) ¥ %
s | Kl . A
0 Uy Yy W, R,

Consider the situation at -s when the plume element P,
_was just leaving the source, From the velocity component
A va;ués we may write down the cd-brdinatesoflg when the time

is zero, These are:

uln_s

X] E
" 2] T W1.5

At time -2s the p'lume element P, was leaving the source and hence at ‘zero
time the co-ordinates of P, are:

~. - . Az



2.5

PLUME MODELS USED TO SIMULATE

ION PLUME __ BEHAVIOUR
(@) Bivane .data model |

Z
A
! :.
[}
. :
<
s |E i -
e ) T a
a | ' : z,
= i E -1"p .
g ‘ H s
2 source ; : ;
‘7'. A 1 E 1
o i) ; :
o : ' '
' HEE : :
: : : :
' t ' '
X . : :
3 'y 2 2 A’X
—
Xz o " 5
- Xs > -
< : X*

downwind axis >

b) Oscillating plume model
. (b) (')fssl.l'mtmg—?lum.e Mot relations- used to depict

Pplume co-ordinates

I X=U.P
i Y= AYI? sin(2eF. (P+T)
3 Z=H+ APsinl2r.E, [P+ Tl
0 H: i ; a . Co
: - | AyA, horizontal and verticdl
;. | simuldtéd /lu\f'ne v/ A e Q'g‘p'lzimd% factors,
configuro?ion s\..-f ' Fy,f'-} frequency factors,
: , ' —X | U wind speed.
downwind axis— P parameter having the
' : . dimensions of time.
T . time.

H _source height



X2 = uz.2s
Y2 = v2.2s
Z; = Wyds

We may extend the process. to computé the cé-ordinafes of P3, Py..... at this time,
ihe above method. thus allowes us to:calculate the pdsition

'of the plume elements, éﬁd from this we ca& assemble a pic-

ture of the plumé as it was at any_particﬁlar-time. After

this, we may, by advancing the entire caiculatiné procéss.

by one sampling intefval at a time, produce é sequenée of

computed plume configurations,

"In later experimental work.'once.the bivane was serviceable,
" ‘the above technique was adopted and prO&éd'veryfhelpful in -
understanding the-glectric field vériations measured under
plumes, A discussion of the application of this model will

. be found in Chapter 3.

N

83 .
The Oscillating Plume Model -

It was originally hoped that the stéédy_staté model described
in Sec. 2.5 would be capable of providing realistic elec-
tric field values dqwnwindvof ion sources in neutral and
stable‘qonditions. No steady-state model‘could-possib;y“
give usable informatioﬂ to assist in the analysis of data
obtained in unstable conditions, the OScillgting pluﬁe_model'
being an attempt to imitate both the shape and the movement
of the looping plume of these Circumstances.. ? '

The basis of the model is illustrated in Fig. 2;5(5). The
uéual system of axes is empléygd and three'éqhations set-up

to generate a séries'of'co-ordinates.appfopriate to a looping
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plume. .TheSe are shown in the figure."The model was designed

to be used on a d1g1tal computer. a special programme
(OSCPLMPROG - see Chapter 6) being wrltten for the purpose.
- It was necessary to specify six Variables in order to charac=-
- terlze the plume completely. these belng the amp11tude and
frequencles of the osc1llatlons in both the horizontal and
- vert:.cal. requlrmg four constants Ay,Az F}', I-'Z T the -

source height,H , and the wind speed, U ., In.use the arbi-

trary'parameter P (having the dimensicns cf'time) Was.increa-

sed from zerc up to a sufficiently large value to generate
enough.plume for the particular applieation in'view.. Usually
‘P was increased until the x co-ordinate of‘the sinulated
. plume attained 50.m, During this process, the y and z
co-ordlnates would vary as requlred by the equations; typl-

cally the =z values behaved as shown by Plume A,

It was alscipossible, by_varying r , the time, in the equa— _
- tions, to make plumes undergo oscillations in terms of time

‘as well as space, and, fcr;example, with an appropriate value

'"f”f"_f”bf ‘T ., the configuration '8 would be produced.

'-The model uas not used-as much as-the bivane data mcdel.
. malnly due to lack of adequate data needed to set realistic
Qm—. values for the amplltude and frequency constants. The effects
of crossw1nd and vertical diffusion were not 1ncorporated ‘in
the model ‘and thls detracted from the validity of predlcted
_ electric field values, The application of the model is dis-
-“-cussed'in Chapter 3, whilst tesults obtained with it are con=

sidered in Chapter 6,
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Chapter 3: ELECTRICAL ASPECTS OF ION PLUMES

3.1
Introduction

The previous chapter waé concerned only with those features of
ion plume behaviour which were determined by turbulent diffu-
sion'processes. However, it is fairly obvious, pafticularly
with the relatively high ion concentrations used in this pro-
ject, that électrdstatic'forces méy be sufficiently largé to
'substantially modify the form of the plume. Before embarking .
on a discussion of this ‘topic, we must first consider certain
fundamental features of ions and space chafggs in general, In
addition, we cannot afford to ignore the effect of the Earth's
natural electric fiéld; both on the pluﬁe itself and on the

electrical measurements to be made near the plﬁme.

3.2

Bésic Princigles
3.2.1

Forces and Fields

We begin by quotirng Coulomb's law, which expresses the force
. . . ) . N . I
between two point charges of magnitude q,-andgb as a func-

tion of r their distance apart, Mathematicaliyy'ﬁe can

write, .
F= %% (3.1)
: A - '
where F is the force beiween the charges,

€. the permittivity of free space,
and €. the relative permittivity
. (The relative -permittivity of air is very close to unity and for .

our purposes any small difference can be safely ignored.)
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The electric field vector, £ , due to a charge ¢ is given by

the.eipresSioﬁ.

.39 . (3.2)
Lir€,r3 :

where r is directedméWay'fpoﬁ”ﬁhe charge if it is positive and

T T Tvice-versa, T

- According to an earlier coﬁvéntion, the atmospheric-electric
field at the Earth's éurface was-dirgctéd oppositélyfto th?t.
used in electrostatic theory. To avoid this amﬁiguit&-it 13;
often better not to usé'fhe-term éfield" but instead to refer.
to the poteqtial gradient avfar . Tﬁese quantities are

related bj the EXpreééion,

E = - avldr | (3.3)

The electric field and the potential gradient possess both

“magnitude and directiqﬁ and are, of course, vecfor-Q&éntities.

3.2.2

 Gauss's Theorem

i

' This theorem is often of considerable assistance when we
________jry to understand the nature of _electrical effects in the _ _;
atmOSphere.- The theorem can be stated in the form that the
total 1ntegrated normal component of flux over a closed sur-'
face is equal to the total charge contalned in the volume '

bqunded by that surface. The reasonlng upon ‘which this eon= .
clusion depends will not be discussed here as it has been -
_Qideiy treated in the literature; an eiceilent paper'on the
_ shﬁject being given by CHALMERS (1963); The jhéorem can be"

- expressed mathematically in the form, - .

. I .'J?‘”’ ='5Jg_d§' _  '--:13.4).




hwhere e is the space charge density,
| ds an element of area. the d1rect10n being that of the
outward normal,

anddV’an-elenent of volume,

-Further, it.can-be-shown.that,

= divE | (3.5)

', . .. 3

"where

v dx . Jdy _,az
A further and very useful 1mp11cat10n of Gauss's theorenm,

divg E

admittedly not obvious from the above. ig that it allows
us”to.consider certain charge distributions'as if they

were, at least in some respects.viine-or'poinircharges."

As a consequence of this, we could for_example. conpnte

theé electric field due to a uniformly"concentrated spheri-

'7'hca1 cloud of ions by assuming'that the total charge_in the’

system resided entirely at the cloud centre, Cleariy.this
“is;an important and useful simplification in the treatment-

of electrical phenomena and the approach has been employed
extensively 1n the theoret1ca1 work assoclated with this -

project,

3.2.3 S
The Effect of Boundarles and the Method of Images e

'-Until'now we have considered ions and charges es being. completely isolated and

‘far away from'any boundaries. This state of affairs is clearly unrealistic insofar
as this project is concerned and therefore we must consider the implications_of -

~ the piume being within a few metres.ofvthe Rarth's surface, In electrostatic .
terms the earth is'a good conductor 'and although it is, of course, svherical,

e may, because of the relatively small scale of this field work investigatiom, =~ .

‘consider its- conducting surface to te. planar. It is a familiar boundary condition.
of electrostatlc -theory that a parallel comnonent of electrlc field cannot exlst .

at a c¢onducting boundary..

i iy et 3 e mamottn ¢ mpers b ot B dmmemn caepme n s ey sieos e imem




| the Earth s surface, the eletric fleld is entlrely vertlcal.

:tal-eompohents~of electric_f;eld cannot_exist.and!_elthqggg_wm$

In atmospherlc electiric terms, this means that, at
of course, above the surface there is no reason why.horlzon- :

these have not been measured, the existence of very large

‘horizontal fields in the vicinity of ion plumes has been !

demonstrated theoretically.

- The hethod qf'images epables one to incorporate, in a simple

. found in BLEANEY & BLEANEY (1965).

~way, the effect of the presence of boundaries near t6 arrange-

.ments of charges. In essence, the conducting surface is con-

gsidered as if .it were a mirror, an image charge of the oppo-

—gite sign to the real charge then being placed at the appro-

" priate point on the other side of this mirror. The. use of

such-an approach is illustrated in Fig.3.1(a). - It should be
noted that the presence of this oppositely charged image asso-

clated with the real charge implies-the existence of an-attrac-;-

“tive force towards the boundary., This actually ocecurs in’ prac-
. tiee and - thus in this sense (and only this sense) the image __J;>

'eharge 1s very “real".-_More-detalls of the method of images

as applied to the solution of electrostatic problems can be

3.2.4

, The_Movement:ovaons in_Electric Fields - Mdbility

The presence of an electric field exerts a force on an ion,

In a gas, however, an ion is not able to accelerate continu-

' ogsiy under'the_influence of . the field because of the inces- .

- sant collisionS'it makes with the molecules comprising the gas,

These colllslons result in the ion, after a very short time,

attaining a terminal veloclty,w, say . - It has been found
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experimentally that y is proportional to £ , the applied
electric field, for any particular ion and gas combinafion.‘

Hence we may write that,

vt" = luE" . {3.6}.

where H is a constant known as the mobility., This relation-
ship is of considerable importance, because wezcan. knowing
E- and fl'. compute the velocities of ions in or near the

. plume, -
325

The'Nature_and_Concentration of.Natural.Ions and Nuclei

- . ELSTER & GEITEL (1899) and WILSON (1900) discovered the exi-

.- -gtence of atmospheric ions but it was-not=until*some~yéars

later that the distinction between ions of various mobilities

was appreciatéd.

Small ions, és they are known, are believed to consist of a
féw neufral molecules clustered arounﬁ a singly charged mole-
- cule, Such a system was kept together by its charge polari-
zing-the surrounding molecules, thus producing the necessary
- attractive forces.'.WRiGHT.(l936) considéred the mass of a
small ion to be equal to about that of ten water molécules,
while TORREDON (1939) esfimated an ion to be about the size
of. four oxygen molecules. The mobility of 'small ions lies
-between 1;10"‘ and 2x 10"'- MKS units, There aré, 'in facf,
about 7 x 108 of each sign in a cubic"metre,bf air at an

"average land station", (CHALMERS 1967).

The "large" ions were discovered by LANGEVIN (1905) and have

mobilities about 0,002 that of the small ions, These ions

are considerably larger than the small ions and are charge-
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béaring-par%icles.pf the same type .as condensétion’nuciei.
It ié-probéble that they are comprised of such'substanceé és
evaporated sea-salt or residues from industrial and domestic-

, pollution.- Consequently large ions (and uncharged nuclei)

.aré fuch more abundant in urban than rural areas, CHALMERS

- (1967) indicates that, at an "average land statlon". there are f
approximately 109 ‘large ions of each.31gn and about 4 x 109-

uncharged condensation nuclei in a cubic metre of air,

ion of the oppos:.te sign. Tons may however combme w1th each other in various we
for instance, & small ion could combine with a similar ion of opposite sign and
the result would be neutral molecules, A‘ltefnati.vel‘y the small 'ion mighf_ interar
" with a large ion of the opposite sisn this process re's{zltin_z i_n'an uhchare;ed.
cbndengatiop__hixcleus plus some neutral molecules. A ‘small 'ion miérht also become

attached to a nevtral nucleus and thus become 2 large ion of the same .sigm.

.'We'can. in féct;'expect the number of interactions that occur
-in unit time in a given volume to be proportional to the num-
' 5ers péesent of both tybes of particle involved, On this basis
;_____;_weﬁcan1define-a-“gombination-cOefficient“ for the process in — -
which we are-interested Following GHALMERS (1967) we may

wrlte for small pos1t1ve ions,

S . dnI
- : -1 _
' and for negatlve 1ons.

=-.q_ -, n, - 'lnN rInN {3.7a) )

dn,
dt

=q -&nn, "l“":,Nl -rL,th | (3.7b)

In the above:
g denotes the rate of production of small ionw pa1rs per unit
volume per unlt time,

n, thé'posltlve small-lon concentration,
n, the ﬁegative Smali ion-COncentration.
N, the positive large ion concentration
the negative large ion concentration

and M;the neutral nucleus concentration, o
. . 0 . hy



The small ion recombinatlon coefflcient 1stx s . whilst the
" other coefflclents are as follows. :
_Qu comblnatlon coefficient for small. p081tive - 1arge negatlve 1on

: Qy combination coefficient for small negatlve - large positive 1ons

The combination coefficients between small ions and neutral
dnuclei are denoted by, |
e coefficient for small p031t1ve ‘ions and nuclel.

% coefficient for small negative ions and nuclei, ;'- o f

The values'of the combination coefficient are not_discuesed
here as details can be found in CHALMERS (1967). Equations

(3.7a) and (3.7b) are of-considerable importance. because they'

“enable us to make various deductlons concernlng the behav1our

of the artlficlally produced ions used in thls proaect. A

_dlscus31on of thls toplc now follows.

The Nature and Fate of the Artlflclally Produced Ions

The ions used for the experlmental studles in this proaect

were produced by the application of a very 1arge electrlc
field to a current of air, The discharge:processes occurring
in the ion generator.involue”ionized'gas'molecules (general
reference LOEB 1965) and consequently only small 1ons were
produced by the ion sourcé, These artlf;clally produced ions
will, like thelr_naturalucounferparts; be'subject to all of the
.'conbination processes referred to previously. It,is,'thereQ ' 'bH;V#
fore, of considerable importance:fo estimate, at least appro-
ximately, the effecfiyeness of.the various brocesses-in remo- .
.ving. these ions as the plume travels downwind;

It seems  logical that near the ion source; eay within 20 m,

h _where the artlflclal ion concentratlon is. very high, there N

will be. relatlvely speaklng, very few natural ions’ (of c“po-

I



site sign) and nuclei available for c¢ombination processes, Fur-
ther calculations show that at distances of 50m or greater from .
the source the artificial ion concentration.will have fallen to

109 cni3 or less, If thesé.typical figures.are then substi-

‘tuted into equation/3.7a) or(3.7p) whichever is .appropriate,

together with suitable values for. the various combination coeffi- .

‘cients, the rate of small ion removal is found to be about 1:per

cent per second, Of this 1 per cent approximately 0.7 per cent

is absorbed in conversion to new large ions, whilst the remaining
0.3 per cent is destro&ed by néutraliZation.' For. a typical plume,
therefore, travelling downwind at a few metres per second, it
appears a reasonable assumption that these depletion processes

will not, under most circumstances, remove more than a few.per

‘cent of the ions from the plume in its first hundred metres of

travel.

;

One should appreciate that, whilst the artificially produced.

ions may be sloﬁly removed from the plume, this does not neces-

sarily imply that the total space charge is decreasing., To

illustrate this point consider the_following situation, _In___
tﬁe'lower atmosphere ambient ionization levels aré véry'low;
however fhere;‘unlike'the ion plume, there ére. to a reasonable
approxim;tion.iéqual numbers.of positive and negétive.iﬁns.

(very near the ground the electrode effect can disturb this

equality - see CROZIER 1963). An artificially produced ion,

travelling downwind, may encounter an oppoéitely charée@rmt;-

urad . ion and combine with it. However, when thié occurs theré"'
still must femaih~somewhere a surplus natural ion o£7the same
sign as the original artificial ion and thus the net space_

charge of the ion plume would appear to have been,méintained.

\
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On this argument it would seem that recombination processes afe
~ in themselves indapable of dissipating the space charge of the
plume although, of course, -the artificial ions are gradually i
reblaced by natural'sméll and larée ions. In actual fact, it
is-thought that a considérable number of ipﬁé are removed from

the plume by image forces -see Sec. (3.5. 5)-

OGDEN (1967) estimated, using a differenf method;‘that the

small ions from a'ywA-.source will nearly all be converted

into large ions within f km downwind of that source., In the
case of the ion sourée used in this project, which had an out-
put of about 0.3pA , it can be computed on the basis of .
OGDEN's formula that most of ‘the conversion to large ions

would be aéhiéved within SOOm;qf the source.,

In practice, electric field meaéurements were alWays made
within 100m of thé ion source, and consequently it is reaso-
nably certain that a small-ion plume was being investigded.._ :
However, on a few occasioné at the Maiden Castle Sitq it was
thought that the nucleus concentration might have been rather.
higher than the figures given by CHALMERS., If this was indged
so, then the conversion rates deduced previously will_be under-’
esfimates and thus there could be a significant number of large
ions nearer the ionisourée. .Unfortunately, no nucleus concen-
tration measurements were made during this project, ﬁhe.high
nucleus.éoncentrationé being inferred from relatively high natu-

‘'ral fields observed on these occasions,
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3' . .
T"' Electr1c r1e1us Due to Vdrlous Space Charge . Dlstrlbutlons

1
e _penlng Note

w
w

'In this section we shall con91der the electrlc fields to be
expected in the-v1cln1ty of.slmple charge dlstrlbutlons. The
T results will.'of'course. be“or'considepable interest. in them=""" -
~selves but moreover they wili<serve ssla use;pllprelude.to
| the'oiscussions on the estimation of the electric fields due
to'ion.plumes. | | |

3.32
Spher1ca1 Space Charge Cloud

This 1s_11;ustrated in Fig. 3.1(a). A spherical space cﬁarge,
0, of unifOrm density c and radius r, is at'a height h
-above flat ground. The general pointﬁ4 , at which we wish to
; know the electric field, is situated a horizontal distance x
.froﬂ*the soace charge centge. The total charge present is;
- in accordance with Gauss's theorem, coosidered to act as if
it were entirely at the centre p01nt In the diagram the'image'-
charge,: ’ 1s also shown together with the various electric
_______nfield vectors and their components, _The vectors from_the real . ___
and image charges are .indicated by E, andi? respectively and

we observe that the hor1zonta1 components of these, i. e. E.,

'3and E}i" are equal and opp031te. Hence the horizontal compo-

- hent of fleld is zero as required by the boundary conditions,

We can write for. the vertical component, £, ,.

E, = j
2T Tame RS
However. we can express the total charge ¢ 1n the form
’ L3
. 366 - -
and RZ and sinc in terms of x andh  , As a result we find
E -2 — S R (39}
R Tl
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3.1

The electric field due to:-
(a) spherical . space charge (elevation)

a4
X
h
A= ¥
3
h - .
simage™ L °" "+ [henceE, =0 as required
/ = " og e
41 I_--""\. by boundary conditions
: \ charge. ! ,
\ J ]
~ 7/
~Nol —~7 : .

(b) ‘infinite’ cylindrical space charge (plan)

direction of AA above

density g Cma

. M

NB. A' negative space charge is considgered above. This is convenient as the dectric field

vector is then uMam.




Now ﬁé attains a maximum value when x is zero, i.e. when the

charge is overhead, and this is given by

25 & '

E,mx) = —= 3.1

> en | (3.1

Let us now consider a numerical example with values appropriate
to this project . Suppose we set = 111_7,@ = 1/qu‘3 and  h=10m.

It is found from equation (3.10) that in this
case, o '

E, (max) = 750Vm™

We'note immediately that the relatively small space charge, a
few micro-coulombs, produces a subsfantial electric field at

the Earth's surface, In fact, it would take the ion generator
used in this project about ten seconds to producé this amount.

of charge, .

-~

333 ) ’ ’ P
Cylindrical Space Charge (Infinite Length)

This is_illdstrated in plan in Fig. 3.1(b). Fig. 3.1(a),
although originally drawn to represent a spherical space |
- charge éloud, will also be used to describe the cylindrical

charge cloud now under consideration,

In the case of a cylindrical charge cloud, the method used
to determine the electric field is essentially no different
from the previous one. Hence the deriéation of the formulae
| is'not'inciuded here, the reader being asked to consult
BLEANEY & BLEANEY'for the details, - The-vertical field compo- '

. nent atM  is given by

E =—>\--—sin°f - (3.1




where A is the charge per unit length,

. As before we can write-

- rrrzg

- and by expresslng R and “sinx in terms of x andI15We find'that
E = ’g@ h
__,z_ 6‘ {X2+ h2}

As -in the previous ease E, attalns a max1mum when the charge o

(3.12)

is-ouerhead;- This is glven by

| e _ Lk Q: -
| E, [max = Eh . 13.3B)

Again we consider a simple numerical example in order to form

an:idea of the magnitude of the quantities involved. Tyoicalf
values might be | - |

(5

= 1m, =01 cm3 and h=10m.
- e F -
Using (3.13) we find that

E (max) = 1130 Vm*

'in oonditiohs where turbulent-diffusion effects are small it .
7may be possible to regard.the ion plume as au“infinite,(or_
““*—*f—semi-infinifey line-charge. -This'possibility was-recognized-u—;—_f
‘ by.MAUND (1958) in his iuvestigations of point discharge.

:Clearly.our ion plume is not infinitely long but, in practice,.
o prov1ded 1ts length subtends an angle w1th1n a few degrees of

VA 180° (or 90°) at the p01nt (M ) the assumpt1on can be shown to.

be acceptable.

334

Electrlc Flelds Due to Mov1ngﬁSpace Charges

_ A space charge produced in the atmosphere will not, of course,
'remaln statlonary but w111 be blown along by the preva111ng

w1nd. Naturally the charge w111-also be_dlffused by turbulent

- 50 =



3.2

Electric field associated with passing space charges .

10
Point/Sphere Charge 1 Line/Cylinder Charge
ES 2wE, (x2 +h2)3/2 —+9° ' Ec TE. (X2+ hz)
- 3 . . . :‘MI"2
q= mr; p . A=Mrp
| . . oz - |
at x=0 Es=Es(mox) hence, "~ at x=o0 Ec='Ec(mx) hence,
- _— ' D
Es(max)- -Zfé_;—hz_ . ~ los | Ec(mox)-m
—-O'l.
- 103
line I 7
char@\ ,14'_?_5
E /E.mad | -
C/ [of . '_g -—0‘2
s}
[J]
]
°
point N __0.1
charge ©
E
Es/Es(mcx) 5
- =2
=30 -2,0 -1.0 0 1,0 2.0 30

Relative distance of space charge in units of x/h



processes but we shall ignore this complication while we are
considering the basig pfinciples. It is of great interest to
compute“fhe-variation of electric field as a space charge cloud |
passes by. The results of such a calculation, employing equa- |
tions (3.9) and (3.12) are showﬁ in Fig, 3.2, (In the figure

| the notation has'begn changed slightly to emphaéize the dis-
"tinction between the cylindrical caée. subscripted ¢, and the
spherical, subscripted s,) We note from the equations that

in the case of the spherical charge -the shape of the curve in

the figure is determined-by the quantity
h/(xzo ,?)3/2

whilst in the cylindriéal system the shape is given by the

function s

h](x2 + 172)_ ‘

Accordingly the relationship between the value of the field -
. due to the éhargé at a distance x and its overhead value

depends only on fhe ratio x/h .. This applies in both cases,

We note from the diagrém that reléfively little effect is felt
from the charges‘unfil they are within about 2h of the point
in question. . Thereafter the electric field varies rapidly as
the charge system,passes]overhead. It can be deduced that the
variation is ﬁost rapid Qhen.x=Q5h"in-the~case-of the spheri-

cal charge and when x=hIN?7:.for the,cyiindrical case.

" We should also consider’the'sphéricél charge cloud that does

not pass directly over ™M , .Suppose_fhe.perpendicular distance
from the projection of the charge trajecfory on the'gfound to -

thé poinf_M_were p ;_ Further let us suppose that the projection



- -and we may proceed as before and wr1te -the electrlc field as J—

of the actual position of the charge is at a distance ¢

jectéd trajectory.

Then we may write: -

,/q2+ Pz _

E =

Z

2:3@' ho

€. (P pPeK)

. from the .point where this perpendicular intersects the pro-

A 3.%)

" In practice, the electric field at a partlcular point -would

be measured as a function of time, but by employing the trans-

formation x=ut

our equatlon accordlngly.

and therefore

, where v is the wind velocity, we can amend

For example, in the above g=ut’

(3.15)

3.4

Calculatlon of Electric Flelds Using the Plume Models

341

. Introduction

In the previous section we estabiished. quite simply, the elec-

tric f1e1d us1ng the plume models descr1bed 1n Secs. 2, S"and

2, 8

In practice the manner of application of all three models is ‘

much the same,

The electric field due to a plume element is

first calculated and then the total field computed by some type
MAUND (1958) discovered

- of integratiom or

summation process,

whilst using a similar steady state model to mine that an ana-

1ytlcal integration was v1rtually 1mpos31b1e. MAUND did not .

have a d1g1ta1 computer at his dlsposal and was’ therefore forced

\
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to grossly simplify his.equétions in order to proceed with an
integration, Fortunatély. this restriction did not apply as
an adequate computer was available to'pefform'the numerical

work.

The results obtained with these models are not discussed here.
They will be presented immediately before the field data in
order to facilitate comparisons, ‘

342 '
The Steady State Mode& 4

. The space charge concentration distribution in this ﬁodel is
based on equation (2.26)., The principles of thiéland-the

other two models are illustrated in Fié; 3.3,

P

-

Consider the plumé element S{p,q,r) . Suppose ité volume were
'§ v and the concentration.within the eiement P (p.q,r) "o
The concentration is determined, of course, from equation
(2.26) after specifying appropriaté values for the ion source
stfeﬁgth,and heighf, wind speed and eddy diffusivity. The

total charge in the element s is given by

§a =0 (p.q.r) Ly . (3.16)

Consequently, the electric field at the general point. Mix,y,z)

ig found to be

SE = 08V 11y 54
; L€ Y :

the elemental electric field, € , being parallel to the line -

SM in the figure. Let us denote the x,y andz components of
. this vector by d£_ , éEy and 8£, respectively. .Then, by

'appiication of simple trigonomety we can write

SE, = Jéco§§< cosp

J‘Ey. =_'JEco.sq<si‘r'1,ﬁ - (3.18] |

é E, =& Esinc
o e 53 -




where < and B are as shown in Fig. 3.3(a), and § £ is the meg=
nitude of §£ . Now let us derive the field contributions made
by the image element at | s tp,q,F) . Employing a dashed nota-

-i=tidﬁ for distances and angles pertaining to. the charge;image, we

""can write

&£ ,—Plpq,dév 1 | (3.19)

_ 4176 i R'Z

and here, of course, Hzer because of the symmetry;.

In a similar manhep;‘we may list the compdnehts of JE‘. these

being — R
, é Ex =& EcasxcosF
SE, =sEéoso<‘sinp' {3.20)

o § E =8 Esino<’ . | :
-where o’ and IB are the angles of elevation and anmuth of the

.- charge element image with respect to the point M. INB. ,8'=ﬁ ).

‘It is now possible to determine the field components present at

"M due to the charge element and its image. Denoting these

eofnponen-t's, by _DEX , DE, and DEZ' we may write,
T T T T '. DE, = §E, +8E |77
N DE, =$E, 6&_';, (3.21)
'.DEZ_ JE +6%

~If, and only if, the 2 coordlnate of M is zero the equatlons
'r_educe to S DE, - 0 - ‘.

DE, = 0 - (3.22)

DE, = ZJE

We: have deduced express1ons for the elemental field due to the
'-typlcal element $ and its image S' . Therefore, at least in

prihciple;.it-should be'awsyraightforward matter to divide the-
.plume into a sufficiently large number of similar elements,

4

usually about 10, sum all the field contributions and deduce

e B4 -



3.3

Cclculohon of electrlc fleld values from plume models

(a). ‘the steady-state model

~ion plume

L / plume elements
+ l —a)

| = -

R _ -

'__.._--—---""""_"_p_lt_.lme lmcg:\@ :
b P S'par)

T T eemme--0

-
e - —
e ——
—
Y ——
o
-

(b) the bivd'n-e data model




the total field components., A Speciél program (PLMPROG) was -
written for this purpbse; In computing these electric field
values the angles of elevation of the real charge and of depres-
sion of its image (Ei and.o(’ ) together with fhe azimuth angle

(B )~ were all expressed in terms of the coordinates of |
M,S and s . It was also found expediéent to express these
various coordinates needed in computationh on the basis of a spheri-

cal polar system, the pole being at M .

A further point was the necessity'toj"limit" the'physical size

- of the plume in this model, The concentration cross-seétidn
implied by equation (2.26) only becomes zero at infinite values
of yor 2z , Thus, in the case of the crosswind and vertical
profiles, it was decided that summations should be performed
only up to the distance where the concentration had fallen to

01 - of its axial value, Far similar reasons, the plume in the
downwind ( x ) diréction was "stopped” at 300 m. The implications
of making these somewhat arbitrary truncations were thorodghly
investigated énd'wgre found'to have a negligible effect on the

validity of the results obtained,

3.4.3
The Bivane Data Model

The development of this model was described.in Sec, 2.8. Its

method of use is indicated in Fig. 3.3(b).

It should be bornelin mind that this model was devised to direc-
tly simulate actuai conditions, _Cdnsequently, the cooordinates
‘ascribed to M were those of the field mill in the particular
fun:being analyse@. These mills were always placed at ground
level and thereforé we shall only.be concerned with the verti-

cal electric field, £, , here. This is a considerable simpli-
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fication as compared with the previous model. We now discuss



briefly the method adopted. for the electric field calculations,

‘Ultimately; it was hoped that this model would be used to com-
pute.electric field values for entire experimental-runs.j A.

.ftypical field run lasted 25 minutes, bivane readings being»
‘recorded every l Ss throughout the run, Consequently, in the
region of 103 different plume . configurations had to be derived
from the data in order to calculate the electric field varia-

- tions, Even with the very large IBM 360/67 computer at my dis-
posal the computing time required to perform these tasks was
rather long. As a result of this the application of the model
had'to be restricted to some extent, It was not, for.instance.

f possible-to'incorporate crosswind and vertical diffusion as had
been originaily intended. In fact, the derived plume was consi-

- dered to be a series of discrete point charges:for the purposes
of this modei. However, despite alllthese restrictions ouite'

| good results were'obtained. ' - o

It wiil be recalled that.the points A,B,C, etc. (Fig.3.3(b))
'“——T~*are'derived from the bivane readings, - These points represent e
:'.-the oosition.of successive.plume elements at a,particular.
moment in.time. The ion generator used in this project gave
a continuous outpnt, buttbecause.of the restrictions referred.
to earlier, it was necessary to assume that the ion plume con-
tained its charge in parcels'whicn resided at the points A, B,
C, etc, The magnitude of the charges placed at the points is .
l,given directly by tne expressioni s, / being the generator out-
'.bﬁt and s the sampling interval, (The alternative procedure,
that is to imagine the charge t6 be uniformly distributed along

the lines joining the points, and then to perform a_nnmerical
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line integration, unfortunately would have also demanded too
much computer time). In many ways the approach used was a
rather drastig simplification but it is vindicated, at least

-to some extent, by the fact that it.gave quite good results,

Oncée the plume configur#tion-had been determined it was a
'sﬁmple matter to evaluate the electric field at any particu-
lar point, An image plume was first "constructed”, as shown
in the figﬁre. ‘Now consider the parcel of charge at the
point B, for example. The element of vertical field, DE, ,

due to the charge at B and its image at B is given by

is sinX | o
DE_ = — 3.23
2 ZnE. 52 ( )

where X is the angle of .elevation of B with respépt to the

point M., The total electric field can then be determined by

adding the contributions from the points'A, B, C, etec,

Field mills were never placed at more than 30m from the ion
source in the experiments which this model was designed to
‘simulate, Thus, in order to consider all the plume segments
likely t§ affect the éomputed electric field values, the sum-
. mation process was continued until the simulated plume attai-
ned a distance.of 50m from the éoufce. Computer trials indi-
cafed that this was a satisfactory limit.

3.44
The Oscillating Plume Model

The basic features of this model were described in Sec,2,8
and are illustrated in Fig, 2.5(b). - The method of field
computatioh is indicated in Fig.3.3(c), and is, in fact,

very similar to ‘that used for the -bivane. data model, - In
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view of this procedure is only noted in outline here.

The oscillating plume is‘éonsidered as if it were a defor-
med line charge, crosswind and vértical diffusion having to

- be excluded for the same reasohé as before. In use, the -

"ﬁdinf M, at which the electric field was to be calculated,

was always at ground level and thus, as before, we are only
dealing with vertical fields. ' The plume, énd its image,.were

_divided into a number of small elements and the field due to

"a typical element-image pair calculated, We can writé}:.;
| | _ASs

. 21Y€°R2
where /X is the linear charge density and

sinx (3.24)

§s the length of the element,’

The quantity >\can be determined from straightforward trigo-
‘nometry as soon as the various constants for the éartigular

cdmputér run have been specified, The total electric field ..

: waélfound. as'usual, by summing the field due to %hg elements.

along a sufficient length of plume,

e

CTt may bé-remembered.that the configurgtion of this blume.was
ﬁade to vary with time and thus it was neéessary to pefform
 an‘entire1y new summation for each time step. As field work
progressed iﬁterest was taken in the éross-cdrrelation obtai-
ning between eléctric field values recorded by various paifs

"of field mills. " In ‘order to in#estigate'these corrélations

the_model'was extended to enable calculation of the electric - -

field at three points to proceed simultaneously. (See also

Sec, 3.6)

-t ° . . R o
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(c) the oscillating_ plume model

plume elements

3.3




3.5

The Effect of Electrostatic Forces on Simple Charge Systems

351

Introduction

So far the réle of electrostatic forces in determining the
behaviour of ioh plumes, for reasons of simplicity, has been
largely suppressed. In the previous chapter fhe effects of
turbulent diffusion were described, and 'in this chapter we
have considered certain fundamentals of electrostatics rele-
vant to ion plumes, - As a result, we-are noew in a position to-
discuss thé effects of these electrostatic forces in some
detail. It should be added here, of course, that the turbu-
{ ‘lent and electrostatic forces do not act separately on the

ion plume but together. The plume behaQiour is therefore

very complex,

The nature of the electrostatic-forces is illgsfrafed in
Fig.3.4. We note that the ion plume is subjected both to
outward radial repulsive forces and to a general downward
.image force., The origin of these forces was discgssed"in
Sec,3.2 and now we wish to estimate their magnitude and,'
wherevér possible, comﬁare their éffects with those of tur-

bulent diffusion,

My early investigations soon revealed that it would be a very
‘complex task to apply equatibns describing these electrostatic
effects directly to a plume. As an alternative, therefore, it
was decided to apply such equations to much simpler charge
systems, explore their behgviour; and then attempt to inter-

pret the results in terms of ion plumes.
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3.52 |
‘The Electrostatlc Expan81on of an Instantaneously Produced
Spherical Charge Cloud :

Let us 1mag1ne that such a cloud becomes detached from an 1on.

 plume as a result of +urbulenceand then moves downw1nd without

" %00 much further diffusion occurrlng. ‘The outward radlal eleca

trostatlc forces will cause the space charge to expand as 1t

E travels downwind and clearly this effect is thus, at least

superficially. rather similar to turbulent diffusdon (see Sec.

2.5).

1

In this:analysis we shall use the notation that any quantity

bearing the subscript 'o' refers to the value of that quan-

tity at time, t, equals zero. Thus, for example, e indi-

h cates the initial charge concentration (supposed .uniform)

" -within the charge under consideration. Using this notation

we thus refer to the initial radius of the charge cloud as

., and consequently the total charge (0 ) present is
4~ Rlg . (3.25)

. and we assume. for simplicity, that this is conserved durihg

“the process., Let us fix'attention'(Fig:fB;S)“bﬁ‘the“sphere'“;“

A of radius 7, , within the charge cloud, i.e. r,< R, .

. We assume that as the expansion proceeds, after a particu;

- lar time t, ‘A, 'will have reached A._a.radius-.r from the

charge centre, In a similar way the sphere B, will expand

"so'as to be at B in the same time. At t-0 , the distance’

.AB - -is SC ", whilst at the time t, AB is equal to dr .

'waconsider'the charge ( q.) enclosed by A, . We have

/

'-\ . ' v-i .
| ‘q-‘?rrc?.e o 13.26)
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Electrical forces influencing_ion plumes
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3.5

Electrostatic forces acting_on simple charge systems
(a) Outward repulsive force |
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Consider the electric field, E , at the surface of the expan;
" ding charge cloud., In't'i_-me t the cloud has increased its

radius from r to r and hence .

3
E = q = _u_ 3
T 4rmer?: 3€ r2 3.2%

- If the mobility of the ions is /u then we may write immedi-

ately that

dr '
— =uE I (328).
dt H5

Using (3.27) and (3.28) we find that

. 3 :

_ dt - 3€.r?
and we may integrate'th_i-.s equation, not forgetting that -

at t=0,r=r.

Thus o '
o /f?dr =if-’*_’3fdr . C
: _ 3¢,

which gives after some algebra

. 173 ;"
roer [1* l%’]/ (3.30)

Equation (3.30) is therefore the relation sought between the
chargé cloud radius and the time, . If now we differentiate
(3.30) with respect to ; , we find that

Rl BEEVS

ar

Referring to Fig. 3.5 we note that the quantity of charge con-
tained in the spherical shell AB » Say q, , is given by

the expression : B
q =4mecidig | (332

Since charge is conserved in the expansion process, we know

that the charge contained in the shell AB must also equal q.
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Hence

] qr-; 'mr?cfr . (3.33)

'Equatlng (3. 32) and (3 33) we see that in the limit

2dr

e =5t ey

r ]

" Then, from (3.3%4), (3.30) and (3.31),

. =9"[1_ . ﬂﬁ]" (3.35)

-W1th the aid of equatlons (3. 30) and (3.35) we may now inve-=
stigate the behav1our of this expanding space charge. Howe-.
ver, we have not yet diScussed-the situation which occurs
when the point under consideration is at a distance D, which
is greater than' R, , the initial radius of the charge. Under
.. these circumstances the concentration will remain zero until
R equ-a'ls D. Let us suppose that the time taken for R to

{ {

- attdinh this value is ¢ , We can find t{ by inverting (3.30)
g shd solving for t , Consequently -

; r 013

f = Lo [9-] -1 (3.36)

_ T He

At tlmes greater than 9 the charge den31ty obeys equatlon

h.The immediate implications of equations (3.30), (3.35) and
(3.36)'ih_the context of this project are not easy to visua-
lize, . The eehaviour of the ratios r/; and p/p as func-
tiqns of the relevant parameters is therefore shown in Figs.
3. 6 (a) and 3.7. As mentioned in Sec, 3.1 the plume consisted
. of. small ions, at least near the source, and therefore. the
small . ion moblllty has been used in the construction of these
graphs. The expan31on rates w1th large ion systems are, of

course, - very much less,
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ELECTROSTATIC EXPANSION

3.6

(c)'_Instantoneous' spherical _space charge cloud '
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In a typical situation we might consider the éxpansion of a
'spherical charge cloud initially of 1 m outer radius and con-
centration 10°8%cm=3 « TFigures of this magnitude have |
actually been measured in the field work associated with this
I projeét. Referring to the 1078 curve on Fig, 3.6(a) we note
that; after 100 s for inéfance, the charge has eXpahded so
.thét its outermost radius is now 2.3 m, FrOmla knowledge of
the increase in radius we can calculate the decrease in‘con;.
centration directly without reference to Fig, 3.7. It is’
worth noting also, thatihuring the expansion process the con-
ceﬁtration,‘although falling all the time, remains uniform
within the entire sphefe'at any particuiar time. (See equa-

tion (2.35) which shows that P is independent of r ).

s

It is clear then,'froﬁ this simple exaﬁple, that the electro-
static expansion effects are substantial, and therefore must

be taken into accouﬁt when estimating the behaviour of an ion
plume, Having considered the case of an isolated instantg-_
neous spherical charge cloud we now discuss an iséla@ed instan-

taneous cylindrical charge cloud.,

3.5.3

The Electrostatic Expansion of an Isolated, Instantaneously
Produced Cylindrical Space Charge Cloud

We imagine that the charge is brought, somehow, into existence
»'instaﬁtaneously’and then left to expand under the aétign,of its
own electrostatic forces.’ It will be shown later that the
results obtained wiﬁh this chargé configuration can be adapfed
to indicate, very approximately, the behaviour-dfian ion plume.
Because of the similarity of the anélyéis with that of the pre-'

vious case only the results are quoted here,
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The radius, as a'function of time, of the cylindrical charge

is given by the expression

r=l_‘|:1+

Het
€

J

11/2 "

(3.37)

-and the decrease in charge den51ty w1th time by

ool

et

€

..'1

ol

(3.38) . . ...

in_the above r ‘refers o the orlglnal radius of a cyllndrlcal

shell drawn within the charge cloud, whllst r is the radius

of that shnll after tlme t

These éxpressions are plotted in Figs. 3.6(b) and 3.7. We note
that the radius expénsion of the cylindrical charge is more
rapid that that_of'a SQherical system having the same iﬁitiai:

- charge densify. It is also worth noting th%t the eXpressiohs

deécfibing the expansions in the two cases are very similar,
only the indices being different, whilst those descriting the

behaviour of charge density are identical,
. We now rearfange (3.37) and (3.38) in order to discuss the
‘behaviour of a plume, Consider the outermost radius,Rr ., of
-“___mmmthe eXpandlng cylindrical charge, We'may'write .immediately..
a s1m11ar equation to (3, 3?) descrlblng the behaviour of R

in terms of R, and t, If the linear charge dens1ty within

the cyllnder were )\ , we could also wrlte.
o Nwr?

(3. 39}
to equdtion (32,37) we find that
uAf

P~ [R.Z"* oY ]7(2

" In the case of an ion plume, the ions are produced at a par-

Applying these ideas

(3.40)

ticular point and are then blown downwind, However; if we
~ weré to consider a particular plume segment travelling along

we would observe that, once it"had been formed, there was no

RPN



further chargévgenefation within it; -At.least in thi# res-
-pect therefore, the portion of plume correspondé quite ciosely
to a segment of an'ihstantaneous ¢ylindrical charge, Conse-
quently it might not be too unreasonable to imagine that the
actuai electrostatic expansion of an ion plume wouid be ratﬁer
similar to that of a cylindricél chérge.

Suppose the wind speed is'u., then after a time t the plume

segment will have travelled a distance ut awéy from the source,

For an ion generator of tonstant output current ; , we can write

A- if u (3.4

and on substituting the above relations involving ¢ and )\

into equation (3.40) we find .
- ' .  uix 112 S :
“1 R = [R?. L"_] /. (3. 42

S ' : U2t E, : _
where x=ut , the distance downwind,

Equation (3.42)'19 of grgat imﬁortance.as it enables us to com-
pare the electrostatié and turbulent effects directly. In order |
to facilitate these compariéons both now, and in the analysis of
field_Work. the two effects are contrasted in_Figs. 3;8(a) and

(b). In Fig. 3.8(a)'fhe curves are appropriate to a source at
10 m above the ground.‘ The turbulent diffusivities associated
with the three classes of'stabilit& were based on the results 6f

" DEACON (1955). (See'élso PRIESTLEY 1959). Insbection of the
curves. indicates that on many occasions we might reasonably expect
thé turbulent and elécfrostatic effectsfto be of roughly equal |
magnitude. In very low wind speeds the electrosfatic expansion
obviousiy dominates the turbulent effecfsjwhilst at higher wind
speed§ the converse is true.. This interestihg feature was actually
_f&und in practice -and consequently further discuésioﬁ is postponed

until.the experimental results are presented in Chs. 7 and 8,



3954
Electrostatic Expansion Effects with a uontlnuous ‘Point
Source of Ions :

In the previous chapter we considered the turbulent diffusiﬁn
of ions from a continuous point source in calm conditions. How-
ever, in very low wind speéds.Jturbulent effects tend to be
~rather small and consequently the vaiidity of the approach in
.Séé. 2,5 is questioﬁaﬁie. As an interesting aitérﬁafife we
shall considef here the effect‘that the electrosﬁatic forces 
alone have on such a system and disregard turbulént diffusion
 effects entirély. In practice, such a situation might arise
durlng a strong inversion with dead caln. any turbulence belng

viratally e11m1nated in these clrcumstances.

It. is found, after an ana1y31s rather similar to the previous
cases, that once a steady state has been establlshed the space
charge concentration e at a p01nt,dlstance.r from the ion

source, is given by the exqrgs_ ion

12 .
e = [’3—5-—] 1 13.43)
. . 81'{[_”-3 .
“where / 1is the current output of the source. The behaviour

of (3.43) is.indicated in Fig. 3.9(a). The analysis here has

pnly been concernéd with an isolated point source, and thus,
in the circumstances of-this project, the presenceldf image
 forces may sériously_disturb the validify of (3.43). - Neverthe-
less, as these results are certainly.of'relevance to the behaviour
of ion clouds at higher levels, where image effects are mdch

. Sméller, they are included,

It is of interest to calculate the-value of the éleqtric fieid
| E. that would exist at a distance r from the ion source,

A simple analysis shows that

T :
E = [——] (3. 44)
{6rruer ) -

)
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| ION _PLUME EXPANSION
(a) by turbulent diffusion (using steady state model)
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Continuous point source in calm conditions

(a) behdviour of charge concentration
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This equation is plotted, for various values of i in Fig. -
3.9(b). In this project the ion generator output was 0,3ua4,
and for example, we note from the figure that at 10m from the
source the electric field predicted is about 1ka-’ . AI
field of this magnitude wohld.be readily detectable and accor-
_dingly there should be no experimental difficulty in establi-

' shing the validity, or otherwise, of equation (3.44),

We may also ésfimate. using Fig. 3.9(b), the outward radial
~velocity of the ions, In the situation above, for instance,
where £ was 1kvm-1 , we find that, with a small ion mobility
of 10 4ms?per vm? their radial velocity is 01ms? ,
This illustrates in a very practical wéy'tha% the analysis

applies for only extremely low wind speeds.

Finally, we must consider, and this also applies to the pre-
vious cases, the effect of the ion motion on the air through
which they pass. To establish whether any effect is present.'
we shall investigate the circumstances in thch we suspect it
to occur most markedly. It seems reasonéble, on-coﬁﬁon-;ense
grounds, ‘that such effects, if any, are most likely ‘to occur
at short distances from powerful ion sources. Let us there-
fore consider a point }m away from a 10 uA source., We note
from Fig, 3.9(a) that at'this distance the ion concentration
is 3x107cm3 , whilst from Fig. 3.9(b) we observe that
the electric field is 30kvm7 ., Hence the outward vélocity

bf the ions is

- = 3me-1
V= pE = 3ms
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With this charge density, assuming singly charged ions, the
number of ions, n , per cubic metre is given by
o - g
3x10 12.
ns= . ———— = 2x107 .  approx.
1681dm Lo e _
By comparison, the number of molecules, N » in a.cubic metre

e - of air at NTP is .. ' e e e — ..._ R
' N = 27x 102° .
and we note that the ratio nf/N = is approximately i

Therefbre we conclude that if any electrically driven air

motion dqes_qétually occur‘it will be a very small effect.

- 3.5.5 ! : _ .
Thé“Effect of Image Forces on Simple Charge 3ystems
3.5.5.1-

Opening Note

A precise theoretical invéstigation of the effect of these
forces, ‘even on quite simple systems, is, because of its
 coTplexity._beyoﬁd-the scope'of this project. In this sec-
ﬁi&h'we shall consider, as béfore. two simple cases arid then
aﬁply the'results obtained from them to ion plumeé. It must;,
.of;éourse.‘always-be borne in mind that the eXpansion'prgcesses.

discussed préviouslx'will operate in addition to the image

effects now being considered.

0 3.55.2

Spherical - Charge

‘This is shown in Fig. 3.5(b), the labels 1, 2 and 3 indicating
" successive positions of the spherical charge as it moves down-
wafd.under the action of ihage forces, 1In reality, the upper

ﬁart of this charge will, to some extent, be screehed-from
imaée forces by the lower part, As a result of this, the image
ﬁdrces wi11:exert a stronger effect on the lower parts of the
chérge and therefore will'causé it toibe-distqrted-ffom its:

original spherical shape, Ultimately, as the charge descends
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it will-become péar-shaped, or eien cigar-shaped, For the
purposes of this analysis we shall not consider-this aspect
any further but content ourselves with a .very simple analysis

of the image effect,

Suppdse the distributed space charge illustrated in Fig.
3.5(b) were reduced to an equivalent point charge ¢ . This
charge is placed at 0 , a light h, above the ground. The

.electric field 5 at the charge due to its own image is given

y -

by :
T 4 € (2n)2 .

Therefore, for a cloud_of'ions of mobility M s the initial

-downward speed is given by

gh __#H9 (3. 46)

 |dt  16mEn?
Integrating (3.46), and remembering that at t=0,h=h, .
we find that /3 '
ho = [,,3 - M_]
* 16 11€

If the charge is being blown along by a wind of velocity u
we can replace ¢ byx/u in the above equation, Here x is
the distance of travel from the point where the charge was

at the original height A .

Hence . 5 5 1/3
h = [h,- ZHIX (3.47)

We illustrate the magnitude of the effect predicted by (3.47)
by considering two simple examples, Suppose h = 10,00m,

! and x=50m . In these circumstances

q = 0lpyC, u= S5ms”
h is found to be 9.99m and the image effect is negligible.

Now suppose h, =T m » with the remaining quantities-as before,

'ffsgl-..



Here we find that h is now 0,67m and in this case the image

effect is substantial.

It is clear that we cannot always ignore image effects and,
.in fact, with low level ion sources the progressive reduction

in height of the space charges must be taken into account.

Ultimately some of the ions will arrive at the ground and,

*in so doing, will either remain there or be discharged,

Moreover even if any undischarged ions reside at the grouﬁd
they can no longer produce any electrical effects and thus,

effectiVely. have #1so been removed from the plume. .

We now move on to consider a simple plume analogy derived

from a line charge concept.

3553 o I _ -

‘plume, It is found that

ST N
._.‘... ERNE——— ‘. B e .._ . h = [ 2- ”Af ] FR—" __,3.‘8} —

_(:\ is 'the charge per unit length)

Cylindrical .Charge

If we consider the image force on a line, instead of a point,

charge. we find that.the height decreases with time according

L ne.

By employing similar arguments to those used in Sec. 3.5.3.

we may apply this result, albeit rather naively, to an ion-

1
h = [h?--&'_i_uz (3. 49)
e |

Thé,predictipns of this_Tﬁportant'equation'iﬁ regard to the

‘particular conditions of this project are shown in Figs.

3.10 (a) and (b)., The implications of the results are not
discussed here as they will be fully dealt with later, Never-
theless, it should be pointed out that, particularly when the.
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3.10

| The effect of image forces on ion plumes
(@) ion source 0.3pA at10m
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~ion source was at 2m the image forces were evidently of

considerable importance in determining the plume behaviour,

36 .

The Relation between the Electric Fieids at Different Points
.under an Ion Plume '

So far we have consgidered techniques for-estimating the.elec—
3ﬁ_tric'fie1d at any given ﬁoint under an ion plume, In this
project four field millis were operated simultaneously and
therefo;e it is of interest to be aware df any relationships

that might exist between the various field records,

J

At any point under the plume the elgctrib field changes con-
staritly in response_tolthe varying charge diétribution; How-
eQer. Quité frequentl&, certain featurés such as kinks and
loops - (see Sec. 2;}) develop in plumes, and,'When features

of this nature pass over a given point distinctive electric
field patterns are ofteﬁ produced, In addition,- if the kink
pésses over (or near) two points in succession we would expect
gsimilar field patterns to be recorded but with an appropriate

time displacement between them, ' ]

Ore type of behaviour is illustrated in Fig. .3.'11(a). A verti-
cal kink (k) develops in a plume and then travels downwind;

- This situatioﬁ might result from a sudden short-lived burst

in the downward velocity component (nv31_ It is fairly obvious
ﬁhat:the.presence of such a kink near é'meésuring point would
result in aﬁ enhanced electrié field. . 'In-the diﬁgram Ml and
M2 represent the positions of typical recording stations and

" the graph.indicates the type of electric field variations to
be‘expected. The'electfic.field'records'will each attain a

maximum as the feature ﬁasses overhead but these maxima will
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be displaced by an amount 3 depending on the separation - -

of the points M! M2 and the mean wiﬁd*speed"(u ) A croSs;
correlation analysis (see Sec. 6.2) of the field records would
therefore reveal a maximum value at a lag number éorresponding

. to .t In practlce. a klnk or loop will usually become less -

d L]
well-defined as it travels downw1na and. as a result, the cross-

- eorrelation coefficient at b w1ll reflect. in a sensitive

Q

manner, the relatlve "power" of the turbulent d1ffus1on pro=

cesses operatlng.

A second possibility is shown in Fig. 3.11(5). In this case a
horizontal kink deveioﬁs ahd.travéléfdownwind. Let us suppose
that field mills are arranged across wind as illustrated., It

is clear that, as the kink moves downwind towards M2 ,.the'elec-
tric field will increase there, ultimately réaching-a.maximum
value and then'declining.as the featuré moves away. During
thisitime. however, the field mill at position M7 has seen the

' piume first recede and then ad;ance after the passage of the

, kink, Consequently the electric field here falls to a minimum

s the feature passes by, A cross-correlation analysis of the =
M1 and M2 records would-therefqre show a negative Valué at zero
time lag, as a result of the out-of-phase nature of the two
réqords. It is also possible, with this arrangement of field .._.
mills, to make certain éeductions about the ion plume'width.

For example, if thérglwere negative correlation between records
such as M7and M2 then the plume could not have been wider than. ‘
the distaﬁce y between M and M2 . Therefore if we place field
mills at various distances apart in a cross-w1nd line and then
examine the cross-correlation coefflclents between their records

it shpuld'be.possible to arrive at useful'conclusions about the
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3.11

The relation between the dectric fields at
different  points under an_ion_plume
(@) the effect of vertical kinks
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ion plume dimensions, °

The above concepts have been found invaluablé in the analysis

of experimental results and will be reférred to again in Ch.7.

3.7

"The Presence of the Natural Electric Field

~ The existence of a natural electric field at the Earth's sur-
face is well known, having been first detected by LEMONNIER aé\
.' early as 1752, The presence of an "external" eleétric'field

in addition to that of the ion plumé might.possibly confuse

any eiperimental results and therefore the likelihood of inter-

ference from this cause had to be investigated.'

SHARPLESS (1968) cérefully obsefved the behaiiour of thé natu=
ral'field at an ﬁnpolluted éite and concluded that, during fine
weather, the average potehtial'gradient was approxiﬁateiy1aavm4 .
WHITLOCK and CHALMERS (1956) made a special study of the short
period variations and discovered that, in fine weathér and with
little low cloud present, any changes were relatively small,

- On thé other hand, inLdiSturbéd weather-cohditions. mostly fron-'
talhprecipitation, showers and thunderstorms, the'potential
gradient is large and often diSplays rapid fluctuations. - see
ASPINALL (1969). Very frequently potential gradients exceed

1 kVm and, during thundery wéather. values as large as 10 kv |

areé not uncommon, IR
It was expected, largely on the bais of the plume models des=

cribed herein, that the electric fields associated with ion .

"plumes would range up to approximately _ZkaJ'. Consequently,

it seemed evident that the variations of the natural field
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occurring in disturbed weather would often be large enough to

mask those fields caused by the ion plume, Apart from this
- vy - | .

problem, there would also be considerable difficulties in

‘operating the equipment during wet weather. It was therefore

-necessary,for both these reaéons, to restrict all field work

to dry conditions,

‘On:the basis of the results of SHARPLES3S and WHITLOCK little

interference was expected from the natural field in fine
weather conditions., As a.precaufibn, however, the relevant
characteristics of the natural field were investigated early
in this project. It was foﬁnd that, in practice, slight
interference did occur but it detracted little frOm-the

quality of the experimental results, The characteristics

‘of  the natural field, as found in this project, are presen-

B ted;with the rest of the experimental data, in Chs, 7 and 8,
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Chapter 4: THE MEASURING EQUIPMENT

.
Introductiqn

4

The following items of equipment were reduiredc-
(a) Ion generator, | '
(b) }on detectors - in the form of field mills or ion collectors}
(c) Apparatus for monitoring the micro-metebrological environmént. '
(d) Certain photographic'equipment for the smoke plume investiga-
~° tions, ’ |
(e) A suitable mast to support certain of the above items.
(The mast used for this project, made by A. C. CLARKE & CO.,
Binstead, Isle of Wight, consisted of six telescopic séctions;
It could be raised to a maximum height of 12m by air pressure
génerated from an attached hand pump. - The mast gave no trouble

throughout the project,)

4.2

General Design Criteria

Ideally for this investigatioh a_pérménent installation would
| have been desirable but the only location where this hight |
have been possible,.Dﬁrham University Observatory fiéld. was
too small and insufficiently level, Therefore, there was no
choice but to design and construct instruments wﬁichzcould be
-tranSported to a site, be set out and operate independently of
a mains supply. At one'stage use of'the_Group's-Honda'genera-
tor , giving 240 vAC, was considered, but this idea was rejected
when it was diséovered'that its internal combustion éngine was
a pfolific source-of ions, Hence the emplo&ment of-batterigs
. as the means of power supply appeared the only solution,. Tt

was necessary that the .equipment should be capable of running
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for at least 5hr before requiring renéwal or recharging:of.
batteries. Certain items of equipment requiring only small
-currénts were powered by conventional dry batteries, whilst
'apparatus needing larger. currents, such as field mill motors,
" were éupplied by rechargeable'batteries. This approach:
‘enabled costs to be kept to a minimum commensurate with satis-
faétbry equipment pérformance. One of the most undesirablé
features of all;battefies is their progressiQe reduction in
voltage which fakes place as dischargé proceeds, Much of the
equipment was sensitive to supply voltage alteratioris and.
therefore great care had to be tgken to minimiée any effects

-due to this,

The appérafus neéded to be meéhanically=robust as it would be
transported long distances by.Land Rover over rough ground,
Overall system reliability needed to be good as only the most

‘minor of breakdowns could be repaired in the field,

At this. stage it was also necessary to decide on the type of

pufpﬁt sigﬁal that tﬁé‘measﬁfingwinéifumeﬁfé‘éhould pfbduce.

- It was proposed that each instrument should give a small direct
voltage output, the value of which was linearly proportional
.to thé.ﬁagnitude of the parameter ﬁeing measured, The actual
voltage range employéd was 0 to 1,0V, the lower figure always
.correSppnding to the minimum value of the parameter, the upper

to the maximum.
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4.3
The Field Mills

A

Design and construction

The fundamental principles of field mllls have been thoroughly
documented elsewhere and therefore w111 not be dlscussed here,
The field mills used in this project, although largely of stan-.
dard des1gn, do, however, incorporate one or two innovations
which were a result ‘of the particular requlrements of this pro-

ject, We now examine these features in more detail,

Early work indicated that electric fields as large as 3kWnJ
occurred near ion plumes, In contrast, if a field mill were
placed a considerable disfance from such a plume it would regi-
s ter an'electric field close.to the natural value ( 100-300 vm-!
in fine weather), It was clear therefore that the field mills.
viould need various ranges if aocurate measurements were desired,
The nominal ranges chosen, giving a 0 - 1,0 volt output were
(1) o0 - 200vm~, (2)0 - 400vm-" , (3) 0-1kvmd , (4)0 - 1,6 kvm-!
(5) 0 - 3kvm-! and (6) 0- 6kvmJ . The type of field mill used
responded equally to potential gradients of'either sign as it
consisted of a simple rotor and sfator system without bias
plate, It was originally hoped to incorporate sign discrimina-
tion by modifying the existing stator to act.as a biae plate,
at the same time introducing a new stator, However, this modi-
fication was never performed, This laoy‘of sign discrimioation
was of no importanoe’when studying_positive ion plumes in fair
weather as the resulting potenfial gradiehte were elways'posié
tive, However, on those few occasionS'when'negatiQe ion plumes
were investigated, sign ambiguities, although present, were not

too troublesome,
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OGDEN (1967) has constructed portable field mills but in my -

opiniqn his design seemed unnecessafily cumbersome, Portable

field mills, using DC motors, are inevitably very susceptible

to electrostatic intefférence from the motor commutator brushes;
~- Ogden overcame this problém bj isolating the'motor from the -

- field mill proper by means of a long flexible coupling., It was
hoped that, by u81ng a high speed motor w1th a reductlon gear=-
box and modifying the standard ampllfler des1gn (see SHARDL SS.
1968), this long coupling could be ellmlnated. Such modifica-
tions were most desirable as they would considerably reduce the

size of the instrument, 1In practice a 6V DC mofor, with a nomi- ~

nal speed of 7500 RPM, was used to drive.the field mill rotor
via a 5:1 reductioﬁ gearbox; In this way it was thought that
most of fﬁe brush interference from such_a'system would be at
frequencies conéiderably higher than the mill signal frequency.

After construction it was found that there was still some bpush-

noise present..even though the motor had been baréfull& éhielded.

As development continded it appeared that the oﬂly really satis-

. factory method by which the 1nterference could be e11m1nated

was by reduclng the_lnput impedance of the amplifier to about
5Mn . This, hdwever. immediately raised another difficulty.
MAPLESON &_WﬁITLOCK (1955) have shown that, for a field mill
output to be independent of signal'frequenéy, R fhe criterion -
fCR>1 , whereC‘ is the input capacitance and R the 1nput resi-
.-stance, must be met.,. Reducing the 1nput 1mpquhce to SALQ
drastically violated the above relation and hence a compromise -
solution had to be found, This was achieved by using a tuned
field.mill amplifier, shown in Fig, 4.1, The.amplifier gain.

was arranged to change with frequency in such a way that as
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the rotor speed varied the output voltage, for a given electric
field, would tend to remain constant., Independence of mill
output from changes in rotor spged is, of course, very impor-
tant with battery-driven mills as the rotor speed progressively
decreases as fhe battery discharges} By cérefu;ly ~tuning the
amplifier it was possible to maintain a mill output within

5 per cent of its calibration value,

The rotor and stator were constructed from ZOJSWG aluminium
sheet and were of 0,17m diameter. - A small phosphor-bronze |
brush was qsed to make an earthing contact to the rotor shaft,
VerylQccasionally.trouble was experiencéd with contact poten-
tials between the rotor and stator. Stripping down and tho-
_rogghly cleaning the rotor and_stator.assemblieé invariably

cured this difficulty.

Four field mills wefe constructed for this investigation and,

complete with batteries, a field mill .weighed just under 3 kg.

- )

£L32 = -

Calibration and Performance

It was anticipated that electric field in the vicinity of ion
plumes would exhibit large and rapid fluctuationsj furthér.
field measured at two points separated by-only.é short distance
-might 5e quite differeﬁt. We would expect, however, that as
the distance between a field mill pair was decreased their rea-
diﬂgs would become progressively more similar. It was hoped

to be.able to Eélculate means and standard deviations of the
éleétric field at various points and;’later{_possibly to inve-~
stigate the correiatioh between the records éf pairs.of mills

in order to test certain hypotheses about ion plume behaviour

(see Sec, 3.6.).
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Taken togethef the above experimental desiderata imply quite
stringent performance c:itérié for the field millé. Conse=
quently, in these mills, factors such as accuracy, short-
term stability and fréquency response were partipﬁlarly im-
portaﬂt. It was hoped that the absolute accuracy or_the;;"m_w~"_
ﬁilis would be better than 10 éér cent whilst to make meaning-
ful comparisons between pairs of records the short-term stabi-
1ity should be no worse thah 2 per cent, '(In this context
the expression short-term refers to the durétion of one run,

j.e. 24 min.). 'Relevant features of the calibration and perQ

formance are now discussed,

The . four field mills wére individually calibrated on each of
their six ranges for elecfric.fields-of'both positi&e and
ﬁegativelpoiérities. A uniform electric field was set up.in
the-iaboratory by applying.a stabilized volfaée between two
1arge:paralle1 circular plates, These plates were sepafaté&n
by ﬁefspex insulators. 0.l(nlong,'and in the centre of the -

. ) . . <
lower plate there was a circular hole of 0{18n1diaq§er. A

~field mill was placed under the apparatus in Such a way a5 to

render the stator flush with the lower plate., It was then

-possible; by varying the voltage between the plétés; to impose

:_any desired field on the mill. Early calibration work was

carried out with the system housed in a Faraday cage, ' Later,

howeier. it was discovered that the cage was not really neces-

sary as the upper plate was an effective sheld from external

: fields."Durihg_calibration'the output voltage of the mill

amplifief was plotted against various values of.applied'field.
the procedure being repeated over the six rénges of each instru-

ment, Calibration curves were then constructed. These curves
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were found to be linear within a few per cent and, as the field
mill readings were to be ultimately processed by oomputer, it

was convenient to represent the mill transfer characteristic in

the form of a linear equation, Thus SR

[F=mvec]  tay
where F is the potential gradlent.
V- the mill output voltage

and m and C are constants for any particular
mill and range,

The value of the offset electric field (c ), most 1likely the
result of contact potential effects, was nearly always less than

20 vm-! and{-except on the lowest ranges, could be ignored.

The quantity m in the relation above ie a function of the sen-
sitivity of the particular field mill, Consequently values of
m "had to be calculated for each mill and each sensitivity
range, making 24 values in all, The caiibration'curves were
 found to be symmetrical about the origin and hence if negative
potential gradients were being recorded these could be catered

for simply by reversing the'sign of m in the computer programmes,

_Calibration checks were performed at monthly intervals during
the early aervice of .the field mills, Little change was noted
in' the characteristics of the mills over such periods'and, as
re-oalibration was a lengthy procedure. iater checks were
undertaken_eVery three months., On one occasion, after the
equipment had suffered Very severe mechauical shocks when the
Land Rover was driven into a deep pot-hole, a speoial cali-
bration check was thought advisable. Aithough slight depar-

" tures from-the nominal calibrations were detected from time

_to time none of these was large enough to warrant amendlng the
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calibration equations,

A feature of particular interest in thisninveetigation was the

frequency reeponse of -the field mills, Portions of the ion
plume pa531ng close to a mill could readily produce field
variations as fast as 0,2 Hz or p0351bly even faster, Hence'__
the fleld mills had to reSponq adequately to var;ations of
such frequencies. In practice}‘the effective frequency res-
ponse of the mills and other measuring systems was further.
complicated'by the characteristics of_the dete sampling system,
It is sufficient to say here that mill time constant needed to
be no lorger than.2$ to ensure a satisfactory high frequency
performance, An inSpection of Fig, 4.1, indicateS'thet the
time constant of the mill amplifier is, to a large extent;

determined by R, and ¢; . 'It was necessary to maintain R1 at

10kato correctly match the input circuits of the sampling

system (see Sec, 5,3)., Thus in theory a time constant of 2s

could be achieved by setting ¢, "at 140xF . The value of this

time constant also controls the degree of smoothing that is

applled to the alternatlng 51gna1 after rectification by D g

An 1nsufflclently large time constant would, whilst prov1d1ng

a very swift mllllresponse, unfortunately produce a signal

with an intolerable ripple content., Such a signal would, of

course, be quite unsuitable for recording. Calculations show

- that for a signal frequency of 100 Hz the rlpple signal will

be less than 1 per cent of the mean value when the time con-

stant is 2s. This was qulte acceptable.

It was thought worthwhile to determine the frequency response
of tne'field mills experimentally, Undirectional, but sinu-

soidally varying, voltages were applied to the parallel plate
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4.2

FIELD MILLS - 'FREQUE NCY RESPONSE
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calibration system by_means of a special function generator,
By maintaining tﬁe amplitude of the imposed field variations.
constant and measuring the output voltage of the mill ampli-
fier as the field frequency was altered, Et was possiﬁle to
derive the frequency response of the field mills. The mills
differed very little from one and another and the aVerégéd
response is shown in Fig. 4.2, ThéSe résultsfaccord well with
theoretical caléulations based on a 2s value for the time con-
stant,

>
A charactefistié of considerable réievance was the degree of

- similarity that could be expected between the readings of two
field mills experiencing identical field.Variatioﬁs. Alterna-
tively, if .one obtained a low cross-correlation (see Sec, 6,2,)
betWeen a pair of mills for a particular run one must know
whether it was real or just a result of limitations in field
mill performance, In order'to investigate this, pairs of mills
were subjected to identieal, but varying, electric fields in
the laboratory. This usi field had a frequency of 1 cycle
min-'. . and a mean amplitude of 100 vm-' , T#ble-I-shows the
results of these investigations. The coefficient of variation
(see Sec. 6.2) of the applied field is liéted against the
correlation coefficient obtained, Average values for all four

mills are presented,

“Tasie L
Coefficient of : ~ Cross-correlation
Variation Coefficient
0.3 1.00
0,06 ' - 0.89

0.02 . 0.57
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We note - . the excellent correlation between miil pairs when
the coefficient of variation exceeds 10 per cent, On all but
very few occasions the coefficient of variation of fields mea-
sured near the ion plume greatly exqeeded 10 per cent, Theré-
fore, the mill performance imposeq_little rgstriqtion-ph_?hgw__ 

validity of correlation measurements in these circumstances.

Some investigations were mgde of the Earth's natural electric
'field and the mill 1imitations.had. of course, also to be -
borne in mind on these.occasions. It is worth noting also that
as these cross-correlation tests were berformed.with a low fre-
quency field, it was anticipatéd'that, near the high frequency
1imit of the mills, correlations would be loﬁer due to signal -
phase shift effects in the amplifiers, The results of some mill |
correlations checks performed in the'fie;d are presented in

Ch, 7.

As can be seen, the field mills have been subjected to stringent

tests to ‘ensure their fitness for this project.' Their perfor-

mance in the field has been excellent,

Ihe Ion generator

Basic theory and principles of design . e

It is quite easy to ionize air by the application-of a suffi-
.ciently_large elecfric field, Such a field would normélly be
produced by the useléf'a high voltage supply-connected'to a .
suitable electrode system, 1In this project ions of only one
sign were required at any -particular timeiand these ions,
once created, had then to be somehow feméved from tﬁe-eiectric

field that produced them, In practice a coaxial cylinder
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electrode system is very convenient for producing large electric
fields without risk of breakdown, The feasibility of such a
system was duly investigated and, after considerable experimen-

- tation, was finally'chosen for the ion generator,

_ We now review the underlying principles of operation of the
generator and, perhaps it.éhould-be stated at the outset, that
+as the physics of gas discharges is very complex, only the basic
.physics of the apparétus can be discussed here, A fuller des-

cription of this, and related, topies can be found in LOEB

. (1965).

It can be shown from elementary principles that the electric

field, £ , between coaxial cylinders is given by

E = V/[(ri(bfa)) O s,2)

where v is the applied voltage,

r the radius at which the electric field is to be
calculated, and S

@ and b . the inner and outer radii, respectively of the ,
' coaxial system, ' - :

E Strictly, this relation applies only to infinitely long cylin-
ders aﬁd to systems in which there is no space charge present,
.Clearly these are somewhat severe limitations, particuiarly in

the present case, but equation (4,2) will, however, suffice for

the approximate analysis given here,

In designing the ibn generator the radii'of.thelbuter aﬁd inner
cylinders could be varied but theif dimensions could obviously
not exceed certain limits, Naturally it was hopéd that-the ion
generator cbuld be made quite émalllso that it might 'be easily

placed on a lighf-mast. Ideally'therefore thefradius of the
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outer cylinder shodld not be greater than about 0.1m Also

ihe inner cyiinder, or wire, shohld not.be too small;-because

if it were, it would not-withstand normal’mechanical shoeks.

In fact, it proved pos31ble to use a tungsten wire of only

6/un radius in the 1on_generator, @he advantage of u31ng such -
v'a thin wire'being, of course, that even with a relatively

~modest high voltage supply, very large electric fields could

be produced, thus causing intense 1onlzat10n. At this stage

the design of the high voltage supply had therefore to be con-

sidered, ‘It is, in fact, possible to construct, quite easily.

portable power supplies capable of giving 100 kVDC. However,

I did not wish to use such high voltages, mainly for reasons

' of gafety, Consequently it was decided that a 20.kV supply was

" the maximum that could be handled in the field.

Substantial ionization occurs in regions where the electric

field exceeds some eritical value, say £, . The ions are, of .

course, produced by collision processes and, in air at normal
- pressures, £ is about 105Mﬁ-7 . In the present ion genera-

tor th1s fleld 1s exceeded w1th1n aboup_zmm of the central

" .wire, (ThlS'fngFe was obtained by inverting equation (4.2),
specifying appropriate values for af6um) , b(50 mm) and V(20kv),
and then solving'for r.) Consequently all iohization is con-
fined to a cylindrical region around'ﬁhis central wire,

’

Letvus now consider how those ions that are created in this'
region behave uhder the influence of the electric field that
is-pfesent. For the sake-of argument, imagine that the central
Wire is éositi#e with respect to the outef cylinder, (The outef
cylinder was, in practlce. always earthed ) Iods of both pola-

rltles are created in the inner region and the prevailing electric

- 86 -



e
field will cause negative ions to be attracted toward the cens
tral wire whilst positive ions will be.repelled toward the
outer cylinder. The electric field is, however, very large
near the inner wire but relatively small in the vicinity of
the outer cylinder, Therefore the transit time of a positive
ion to the outer cylinder will be very much larger than that
of a negative_ion to the central wire, Theoretical célcula-
tions (see CHALMERS 1967) show that a'pdsitivé ion .will requiré
about 5ms to reach the outer electrode whereas a negafive ion
(or electron) will bg diécharged‘at'the central wire 6n1y a
few us after its creation, It appears therefore that the
region from the outer éylindér fp within 2mm of the inner wire
will be.filled with relatively sldw_mOQing positive ions; In
view of this it seémed there might be a pdssibility of expel-
ling some of these positive ions from the system by blowing a
brisk current of air along the axis of the apparatus., We can
"test this idea by means of a very simple calculation., Suppose
_the length 6f electrode s&stem were L ,.the'fransit of time of.
the positive ions across the system ¢+ and velocity of air
through the generator v . Then if
| vatLft ]| (43)

all the positive ions generated should clear the outer cylinder.

The above reasoning, admlttedly crude, does provide us with an
idea of the practlcab111ty. or otherwise, of the proposed tech-
nique for expelling the ions., Substitution of appropriate
values into équation (4.3)'indicates that an air velocity of

5 ms-! should be.sufficient for the design contemplated, For-
tunately, this is a realistic figure for a blower and thus the

construction of an ion generator seemed a feasible proposition,
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It should be added here that a s1m11ar analyszs can be perfor-
med in the event of the central wire being at a negatlve poten-
tial and this suggests the interesting alternative possibility

- of generating negative ions,

-In coéausion..I-wouldnlike,to.point out-tnat eome:faetors
‘have been deliberately omitted in the above theory. It is,
for instance, possible to treat the system in a more sophisti-
cated manner by considering the effect of space charge on the
electric field distribution inside the generator, Honeter,
“theoretical treatments rapidly become involved and, from my
point of view, it was thought better, having established the
basic principleg of the device, to proceed with the construc-
tion of an ion'generatpr. |

44;2

COnstructlon and Performance

An ion generator was constructed in accordance with the ideas

" discussed in the last section., The electrode assembly, expeller
"motor and fan were-all‘mounted in a perspex tube 0;3 m long and
‘0.1In in diaméter, The arrangement is illustrated in Fig. -4.3.
-_-Thqee rectangular windows were cut in the persnex cyiinder
thereb§ permitting the earthed ¢ylindrical electrode to be-
mounted on the outsine.of the tube, A small, eaeily removable,
carrier was used to support the central wire, The fpamenork of
' the carrier was made of thin perspex rod whilst copper pins
mounted in PTFE bushes were provided at two suitable points
.atUWhich to’ solder the goldaplated tungsten wire, The length

" of the central wire was 2.5-cm.

It was hoped'to determine the ion output of the generator by

“monitoring the current flowing in the high voltage circuit.
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Early experiments soon convinced me that this idea was not
--feasible because tne total discharge'current bore little
relatlon to the actual quantity of ions belng expelled by
the generater. It appeared that many of the ions produced
were not blown out but instead were ultimately collected by
the outer electrode.? The blower unfortunately produced a
very turbulent air flow through the electrode system and it
is felt that the enhanced ion transport due to this turbulence
may have considerably increased the collection efficiency of
the outer cylinder, Some attempt was made to improve the '
performance by placlng straighten1ng vanes in the air flow

but this did not remedy the 51tuat10n._'

The output of the'don-generator could, however, be readily
'assessed by an-indirect method, The.generator was mounted

on a suitable mast at a few metres above ground'level and a
field mill was placed approximately 10 m downwind of the mast,
Theoretical calculations (the steady-state model) had already
provided values for the magnitude of the electric field dis--
. turbance to be expected from the presence of the ion plume.
Hence it was possible, in theory at least, to deduce the ion
generator output from the field mill readings. In practice
'thls method, although a little cumbersome, worked very well
and was invariably used to estlmate the generator performance

whilst development was proceeding. -

It was later discovered accidentally that the output of the

ion generatoricould be considerably increased by coating the
outer electrode with a thin layer of varnish, ' It ic.thought
that this varnish layer, whilst not materiallylaffecting,the

electric field distribution withln the generator, may consi-
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derebly-decreaSe the collection efficienqyof the outer elec-
trode, thereby resulting in an 1ncrease in the ion output
It should be emphasised that thls explanation has not been

verified experimentally and may, therefore. be 1ncorrect

""The blower used in the generator consisted of a 12-bladed
rotor fan powered by a 6 v DC 6000 RPM motor, The current

consumption was 1 A and the flow velocity exceeded 7 ms-/.

>'The ion geherator'has been in service fortover a year 'and,

- éxcept for. one occasion, has functioned quite satisfactorily;
The generator failed_;ate one evening in very damp conditions.
probably only after the perspex insulation had absorbed consi-
derable moisture, A more serious fault, however, was only
noticed after the generator had been in use several months,

It had become apparent that the ion output was-rather erra-
tic in high winds. This behaviour was, after some investiga-
tion, attributed to the action of strong winds'disturbing

.the air flow.over the electrode system. The problem was

solved by mountlng the generator ‘with 1ts axis horlzontal.

instead of vert1ca1 as prev1ously, and then attachlng a rlght-

angle cowl over - the air 1ntake.

The output of the ion generator, estimated from numerous i S
observations, is 0.3 pA when producing positive ions and
_o.5lh4 when producing negative, (The difference between the
positive and negative ion outputs is not determined by the i
-generator itself but depends on the differing mobilities,

and other properties, of ions of the’ two.signs.)
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4,43
The High Voltage Supply

A schematic drawing of this is shown in Fig. 4.3. The high
voltége supply was powered by a 12 V4,5 Ah rechargeable
battery, the current consumption of the systeﬁ being o.b.A.

The operation of the supply is now briefly discussed,

The inverter converts the 12 v DC supply into a 250 V 15 kHz
alternating voltage which is then rectified and smoothed by
D, and C, respectively., In the abséncé of a positive pulse
from the multivibrator, the thyristor T is effectively an
open-circuit between the-points X aﬁd Y. The capacitor Cp .

is thus charged to approximately 350 v via Rp, the primary of

the ignition coil being of negligible resistance. The arrival
of a short positive pulse at the gate electrode, G,'of the
thyristor causes it to rapidly become conducting. Hence X

and Y are now effectively connected together. This results in
the capagitor.CZ being discharged into_the primary of the igni-
tion coil thereby producing a very higﬁ voltage at the secon-
dary terminal; After this the thyrisfbr again becomes non-
conducting, al;owing C2 to recharge. The processris_%hénl
repeated at a frequency determined by the time constant of the
multivibrator. In praqtice. of course,'the charging time con-
stant of R2 and C2 must be made sufficiently émall'so that Co
is_fﬁlly charged eaéh time the-thyristor conducts,. . The repeti-

tion frequency in this apparatus was 30 Hz,

The secondary output was rectified by a special "silicon stack"
enclosed in a separate perspex box, This arrangement was neces-
sary so that the rectifier ‘could be connected either way round
into the high voltage system. This enabled negative or posi-

tive ions to be generated as :eQuired. Initially a capacitance
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: the reglon w1th1n about 10 m of the source, A 51mp1e calcula-

" would cause any difficulties.

ofISOO thwas'placed across the fectifier so as to provide a
Smeothed supply. However,-the preSence-ef a 500 pF caeaeié
tor charged to a potential difference of 20 k¥ was most unde-
eirable as it could give a serious, possibly even:fatal.'

electric shock to anyone accidentally touching it.. As an ..

-élternative the distributed capacitance, amounting to 150 pF,
-between the cable carrying the'high voltages and the earth

'refurn wire was used for smoothing; Whilst considefable

charge was retained in the cables, their self inductance
obviated, fo e.iarge extent, fhe risk of a dangereus shock,

L5

The Ion Collector

This simple device was designed to supplement the field mill

',observétions. After theoretical investigations it had .emer-

ged -that the ion plume would initially expand very rapidly,

- both 1atera11y and vertically, as a result of electrostatic

foreee (see Sec.3.5). It was hoped that the ion collector

- could be used to determine the ion concentration profile in

tlon shows that,. at thls dlstance, ion concentrations of the

order of 10~ -8 Cm-3\~ere to be expected, a figure approxlmately

_one hundred timesgreater than the fair weather ambient values.,
.'(See CHALMERS 1967). Consequently, it was not anticipated

that the presence of relatively small numbers of natural ions

3

' The. collector was based on the original design of EBERT (1901)

and is, in-prineiple.'almost identical, Air is drawn through
a coaxial cylinder electrode system, as shown in Fig. 4.2, by

a suitable motor driven fan, The central electrode C is main-
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ta;ned.at a constant potential with respect to the outer elec-
trbde 0., Ions ehtéring the device will tﬁerefore either be
attracted to or repelled ffom the éentral electrode depending
on their sign, Tﬁose iohs which reach-this electrode before
passing out of the devige constitute an electric -current,

This current flows through.the external resistor R and pro-
duces a small voltage. Ions of the opposite .sign reaching

the outer electrode flow to earth and play no part in the func-
tioning of the apparatﬁs.- It is, of course, eséential for

" quantitative work that the central electrode collects all the
ions which are arawn into the apparatus, Suppose the_velocity
of air flow through the system'were v- and the length of the
electrode system were Lj then the incoming ions must reach the
central rod in a time less than or equal to

Ll - - -
Now by employing similar reasoning to that used in designing

the ion generator, we can show that the transit time, t, of an

ion from the outer cylinder to the central rod is given by

¢ =(In(b/;7}fb2- a2))/2/4V' (4,4) - -

where u is the mobility of the ions, -
V the central electrode potential and .

a.and b the inner and outer radii respectively.

Using the two relations above, we are now in a position to
design an ion collector, The mobility'ﬂ of the small ions¥
is, of course, fixed, but the quantities L, v, V, a and. b are
~ all, within reason, left to our choice, As is usual, iﬁ prac-
tice these quantities are not independent. and therefore a com=-
prémise must be reached. A suggested upper limit'fo; \4 wasi

about 200 volts, as a battery of higher voltage would have

932



been cunbersome.- It was thought that the inlet ve1001ty.
v, should be not less than 15 ms~'  otherwise gusty winds -
might adversely affect the performance of the.epparatus.
.The length, L, was set to 0,15 m and, from equation (4,4),
it wds found that the'dihensions of a and“b.were_perfectly

reasonable. (The exact dimensions are shown on the figure.)

Capacitors Cland C2 were placed across the input re31stors
R]1 and Rg to establlsh a definite time constant for the
collector, A value of 1s was, in fact, chosen. (It should
be'remarked that as the self capacitance of the electrode
system and wiring was approximately 50 pF Cz only needed to.
be-50pF-to-obtain the desired time constant). The voltage
across_Rlél (or RyC») was then amplified by a speciéI-FET
integrated circuit DC amplifier having an input impedance of
uot less than 1070 ., The output ourrent from this device was
fed to earth via a 10kAn resistor, thus producing a voltage

: output sultable for recordlng. In the finai deeign a commu-
tatlng switch was provided so that the polarlty of the voltage -

———_on the central electrode could be reversed. . This . enabled the..

concentratlons of both p031t1ve and negative ions to be deter-

mined, ‘though not, of coupse, simul taneously,

After construction, the coilector was checked to make .certain
“that it was responding to all the small ions which passed'through
it. A small fadioactive source, of Americium.zhl. was placed
near the inlet tube of the deviée and the 200V battery was |
'-_ replaced by an isolated variable voltage supply. The voltage
applied to the central electrode was then altered and the
effect on the output voltage noted, The results of thls test
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indicated that at tﬁe normal working voltage 99 per cent of
‘incoming negative and 95 per cent of incoming positive ions

were collected.

This ion colléctor responds to the rate of arrival of idns of
one sign at the centféi rod. From a knowledge of the air flow
rate through the apparatus, it is therefore possible to calcu-
“late the chérgevconcentration. Previous wofkers, e.g. OGDEN
(1967), have measured the flow rate through their much larger
Space-charge collecforé by meéns of gas meters, The use of
such a technique wés thought most unlikely to succeed in this
case because gas meters reﬁuire a comparatively large pressure
drop to operate them satisfactqrily; -A crude estiméte of the .
flow rate was, however, obtained by using a sensitive small
probe hot wire anemometer to estab1ish the mean velocity pro--
file across the collector inlet, This was not an accurate
measurement and the volume flow rate defived from it could be .
ﬁs much as 20 per cent in error. The mean intake velocity .

was found to be 1A—m§4 » which is'cloée to the design figure,

The ion collector functioned quite well in the field, although

the output signal was rather noisy on the more sensitive range,

46 »

The Micrometeorological System

4£61 . :
Purpose of the  System ' -

o

P

Clearly the behaviour of the ion ﬁlume depended to ; great
exteﬁt on its local meteorélogical_environmeﬁt. It was the
purpose of the instrhments described herein to monitor that
environment.by the measurement of appropriéte physical quan-
tities. 1In Sec, 2.7 it was shown how the afmospherié stabi-

lity had a marked effect:on the behaviour of a plume., For
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- measured.

" this reason it was decided to measﬁre the wind speed and tem-

perature gradients near the ground'so that the Richardson num-

ber could be determined. Obviously the wind speed itself .is

~ also of considerable importance and therefore this too was

Later experiments featured the use of a bivane as it was

- found that stability measurements, althbugh'usefui. were not .

' prdviding as much information as was originally hoped,

The individual instruments are now discussed.

462

: -The Anemometer Systeéem

L6211

General Features

'?Wb Casella type T 16108/2 sensitive cup anemometers were

obtained for this project. These anemometers were compact,

simple to use and proved very reliable, Thé manufacturer

'specified a starting speed of not more than 1i0ems-T " and

-1

. _Hence their perfor-

gnwaccuraéy_of;petter than 0,3 ms

mance was adequate for the application envisaged., These ane- .

" mometers pro?ided.a single 12V pulse per cup shaft revolution,

This pulse was derived from the rotation of a sectored dise,

attached to the cup shaft, which interrupted the light beam

. between a photo cell and lamp. The photo cell outpht was fed
. : ' . 1

into .a Schmitt trigger circuit which produced the 12 v pulses.

The anemometers were attached to the Clarke mast byvsuitable’
clamps and bbdms. Care was always taken to site the anemome ters
upWind of ‘the mast in order to minimiZe the effects of wind flow

disturbance on the observations, The anemometers were placed at
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standard heights,,z.m and'9 m, and were connected to their
electronlcs system, which was at ground level, by 1engths
of twin core shielded microphone cable, No trouble was
-experienced with interference .from the 20 AV ien generator
_power supply althoﬁgh it had been expected.

4.6.2.2

The Electronics System

A echematic diagram of the anemometer'signai processing
arrangements is sﬁown in Fig, 4.4, whilst deteile of ‘the
individual circuits. can bé seen in Fig. 4.5. The anemometer
"electronics system was designed to produce two outputs.
Firstly a 0 to 1,0 v analogue output'proportional to the

wind speed at 9 m and secondly, a similar output propor-
tibnal to the.difference between wind speeds at 9 m and 2 m,
It would, of course, have been possible to measure and record
the wind speeds at these heights entirely'independently and
then later compute the wind speed difference by substraction,
In retrospect I would now consider the latter alternatlve as
the more satisfactory.. However, malnly due to lack of expe-=
rience, it was not unfortunately-adopted, Nevertheless the
system based on the original propdsal, despite its.unnecessa;yu

complexity, did work well,

The 12 Vpuises appearing at the anemometer outputs were not of
standard width, the actual pulse width being a function of wind
Speed;_ In the pulse couriting system contemplated it was.'how-,_—_——r__
ever. necessary that the incohing pulSes.Were of conétent

" width, To achieve this the pulses from the two aﬁemometers

Qere shaped by the monosteble multivibretoré A and B, After

conversion to standard width the pulses were integrated and DC
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outpﬁts proportional to their.repetition rates were prodﬁced
at point B. The time constant of the integrating circuits.
was 3:;5 s, this being determined by the value of Ry and C;
in Fig. 4.5.1. '

~ The DC voltage appearing at B was not suitable for recording
because the input impedance of the recording systeﬁ would
have seriously disturbed the aétion of the .integrating cir-
.cuit. Thus some type of buffer amplifier was needed to give.
a suitable output. A simple DC amplifier was constructed .
but, unfortunately, output voltage drift, due largely to tem-
perature changes, precluded its use. This, of course, was
especially so in field work where hot sunshine anc cOol:breezes
-might alternate thus producing large temperature variations.
1After some experimentation a chopped DC amplifier was found to
offer the most promise, " The input of such an ampiifier is
alternately switched from the DC voltage to be amplified to a
. fixed reference voltage and vice-versa, Thus a square wave is
produced ét,fhe input and this can, of course, 5e handled by
—_——-a c§nventiona1lACmamplifier. The.advantages of such a system . _ _
‘are, firstly drift is eliminated and, secondly, .it is possib;e
to design sensitive and stable circuits quite simply., A major:
disadvantage-is that there_is a difficulty in establishing
the sense of the input signal as-the émpiifiér feébénds-dhly'-ﬂwm
to the magnitude of the difference between the input and refe=
.reﬁce signals. In_practice, this was nbf serioué'bécause.it
was found that the wind speed at 9 m was invariably greater‘
than that at 2-m. Hence, by employing two ehopper.DC ampli-.
fiers it was quite simple to producezthe desired oufput'sigé
nals, Inter-connexion.details of the various ampiifiers are .

shown in Figs. 4,4 and 4.5,
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In the anemometer system twq changeoever reed switch choppers
were used. The driver cifcuit for the chopper system is shown
in Fig. 4.5.3., and is conventional in all respects. The
chopping frequency was apprximately 30 Hz, A small 0,22 pF
capacitor was placed across the reed switch to ensure that
inductive effeéts did not damage the driver transistor,

14.6.23 - g

. Calibration and Performance

The manufacturer supplied standard calibrétion.curves.with
these anemometers.. These.curQes consisted of output pulse
rate plotted against the actual wind and were substantially
'1inear withiﬁ the range l-lO_ns" . - The two anemometers used :
in this investigation were never_checked in a wind tunnel
but, later, a third, individually calibrated, anemometer was
acquired and the readings of all three anemometers were very
carefully compared. It was concluded that the original two
anemometers were well within their nominal calibration even

after two years of service,

The output pulse rate of the anemometers was 40 pulseé per
minute per msT7 , and thus af a_wind.Speéd of 1'ms’! , a

pulse occurred every 1.5 s. As the time constant of the
integrating circuit was.3.5 s, considerable ripple washappa-
rent on the output signal at very 16w wind speeds. This was
of little importance however, as few ob§ervations were made in

wind speeds of less than 2 ms-!,

The anemometer electronics system was calibrated by means of
a specially designed pulse generator having two individually
variable pulse rate outputs, Such a phlse generator ‘enabled

both different wind speeds and wind speed gradients.to be

=99 -



-precisely simulafede The gain of the high stability ampli;
fiers was controlled by VR.1 (see Fig., 4.5.2.) and setting
this controlled the callbratlon span. of both systems. The
callbratlon curves for the anemometer'systems are shown in

' Fig. 4.6, Some slight non-llnearlty is ev1dent in the cur-:

| ves, but 1t was not large enough to be of . great 1mportance:f~_.

: These" curves were, in fact, expressed in the form of a linear -

: eduation. this being convenient for computer processing of

the data,

The electronics system.although complex, worked quite success-
fully in the field'and sufferedino'major faults throughout
v_the-duration of the project. Calibration checks were per-
~ formed at three-monthly intervals, very little alteration

" -in the systém being evident. .

A further check of the wind speed gradient system-could te
made in the field. If the anemometers were placed as close
as  possible together, then, theoretically, they should indi-

cate a zero wind speed dlfference. In practice a flgure of

. 0.2 ms-’ or 1ess\was usually achleved. This was regarded

as guite,satisfactory.

. 463
. The leferentlal Thermlstor System

4.6 31

" General Features

- TWo.aspirated temperature sensors were constructed to,enable
.the mean temberature gradient between 9 m and 2 m to be deter-
mlned The asplrated thermistor systems were similar in design

' to those of OGDEN (1967) although in this cdse a cylindrical

'rather than rectangular, arrangement. _was employed to facilitate
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construction., A sectioned drawing of an instrument is shown
'in Fig, 4.7, the external surface being, as usual, painted

white to minimize radiation effects,

The thermistors used._ménufactured by the Yellow‘Springs
Instrument Co.,, have the following specificationi-
TYPE YSI 44032 N
‘INTERCHANGEAB;ILITY" 0.1°C in the range -20°C to + 70°C
RESISTANCE 30.00k0 at 259C |
RESPONSE TIME IN STILL AIR 10's
" DISSIPATION CONSTANT i mw ¢!
The thermistors were as?irafed fhroughqut a field run by means
of a small motor and fan, The air veldcity in the large tube
was 0,6 ms-! and, a simple calculation shows, in the region of

the thermistors the flow velocity was about. 3 ms

. Experi-
ments indicated that, at this aspiration rate; the time con;
sfant of a thermistor was less than 2 s, This was satisfac-
tofy._. |

i-The two thermistor sensors were connected, by means éf ordinary
twin wire, into the bridge circuit shown in Fig. 4.5.%, As the
thermistors were matched to within 0.1°C they could be used
directly to indicate temperature difference. Neverthéless
small trimming resistofs; VRl; 2, were included in the bridge'
to balénce out any slight’differences pgtween the'thermistorﬁ.
In fact no diffefences were ever found and'consequently the
trimmers were hgver used, Precision resistors were, of course,
employed in the two remaining-érms of the bridge, The voltage
" supply to the bridge was fully stabilized by means of the

6.2V zener diode arrangement shown,
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The voltage difference,AV , produced at the bridge output was
73.0 mV per deg, C difference between the thermistors; -It
was, in fact, possible to calculate'accurately the voltage out--
put for given termperature differences at various temperatures
as the manufacturer supplied very precise re31stance tables
with the thermistors., When such calculations were performed
it was dlscovered that the value of the output voltage. per
unit temperature difference, depended little on thé actual
temperature. Within the range 5-20°C the change JJlZ&V for

a given temperature difference was less than 3 per cent and
could therefore be ignored, A further, and very useful, fea--
ture of. this bridge circuit was. that for“relatively small
temperature differences, say less than 3°C, the output vol-
tage versus temperature difference characteristic was linear,

4,632

The Electronics System

The chopper amplifier used to process the temperature diffe-
',rence signal produced by the thermistor bridge was virtually

'1dentical with that in the anemometer electronics system.
‘Consequently the remarks made in Sec. 4,6.2,2, also “apply, .
mutatlsvmutandls, here, -

4.6.3.3

Calibration and Performance o . C e e —

The temperature difference sensing‘system was calibrated 5y
substituting the thermistors with precision resistanee boxes
and, by uarying the resistance, various temperature difference
could be readily simulated., The results of such a calibration
| are shown in Fig. 4.6, the high degree.of linearity being
clearly evident. Calibration checks were undertaken at three- -
monthly-intervals, no indication of any charge in the perfor-
‘mance was ever .apparent,

~
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Occasionally a fest was conducted in the field to check the
.coincidence'of the thermistor characteristics.'-The sensors
were placed at the same height on the mast and the indicated
temperature difference noted, Ideally. of coufse, the |
value should be close to zero and, in fact, thosé observed were
invariably less thaﬁ 0.1°¢, This was regarded as quite satis-

factory.

It became obvious aé experimental work progressed, that when
designing the sensor amplifier, an importance factor had been
overlooked.. At that time it was not appreciated that when the
conditions were hear.neutral.(See Sec, 2.6;2.) the temperature
gradient near the ground would quite frequently chanée from a
small positive to a small negative valué and yice vefsa. In
Sec, 4.6.2,2, it was mentioned that the chopper amplifier
employed only responded to the difference in voltage of the
input signals, or, in other words, the amplifier iﬁdicated |
the magnitude of the tgmperature_gradient but not the sign,
The problem was alleviated in later work by placing a very
high input impedence digital voltmeter across.the br{dge Sut4
put whilst field work was in progress. This instrument indi-
cated the polarity, as well as the magnitude,lbf the voltage
across the bridge. 'A written note of the sign of the'tempera-

ture gradient could then'be'faken in near neutral conditions,

Apapt from this sign-ampiguity, the temperature gradient
system functioned very well. On one occasion, however; the
system failed completely. This was later attribhted to a

faulty plug connector on one of the thermistor housings,

- 103 -



£~

- 464
The Bidirectional Vane

4.6.4.1

General

'

Neither the author hw~ the Atmospheric physice droup at Durham
had had any prev1ous experlence w1th bl-dlrectlonal vanes
(bivanes). Although many publlshed de51gns exist in the . ...
11terature. e.g. CRAMER GILL AND RECORD (1957), 1t was felt
that these were unnecessarily complex for the project in
ylew, ‘Such instruments had been designed for applications
'ihtolving surface stress_measurements.and. in cdnsequehée.
were required to respond to the entireISpectrum of tufbulent
energy., However, as far as this_project was concerned, inte-
rest was centred mainly on those larger eddies_which_might
';cause the ion piume to be displaced bodily. In order to res-
trict the response of the bivane to these lower frequencies,

| _ite dimensions were made rather 1arger.than usual, In fact,

- the total iength of the bivane.was over 1 n,

C4,6.4 2

. Construction of the Bivane

Fig. P 7 shows clearly the construction of the device, The

horizontal ana vertical sensing.vanes, which were very care-
fully balaneed; were attached to suitable axles aad their
angulaf position transduced by means of specially adapted
.potentiometers . (Limit stops were provided on the horizon-
tal éemponent eensor to prevent damage if violent gusts
.occurred - these were placed at 50° from the centre p031-

tion). The ‘eircuit of the system is shown in Fig, 4 7.

_ Potentiometers were specLally adapted for this appllcatlon by
bendlng away the w1per contact sllghtly, thereby rellev1ng

some of the frictional resistance between wiper and track.
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e
This technique was perfectly adequate for the horizontal

component sensor but it was. noticed, particularly in very.

light winds, that the vertical component sensor appeared to

be sticking. Qlearly this was most undesirable as it could
easily lead to erroneous values for the vertical component
readings. The offending potentiometer was therefore replaced
by a proprietary low-tﬁrque device with noble metal contacts, -
Thié potentiometer, a COLVERN type CS 08, had a starting

torque of only 0,05gmwt mJ and, aftér this had been inétalled.-

no further trouble was experienced,

‘The vertical sensing vane was constructed from 2 mm balsa

wood sheet to achieve maximum sensitivity,

4643 | -

Calibration and Peformance

A ruled graticule was attached perﬁanently to the bivane in

' drder to enable the horizontal componeﬂt sensor to be cali-
brated in situ. The vertical sensor was checked by fixing

a protéctor to its axis and méasuring the variation in out-
puf voltage as thé'senspr was manuall& rotated. Resdlfé of

" such calibratibns are not shown graphically because, as was
expected, they are perfectly linear., The results of the sensor
calibrations were also expressed in the form of a simpie equa-
tion, such a technique facilitating later data processing.

The equations are given below
' 161y - 116 (4.5) .

o

B

where'd‘is the vertical compénenf sensor angle, being posi-
tive for upward air movement and negative for ddwnward,

8V, - 67 . 14.6)

P is the horizontal component sensor'angle, increasing
in the clockwise direction, and

A JQ are the voltage outputs of the vertical and horizontal
sensors respectively, '
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(The angles & and pﬂwefe measured in degrees,)

It should be appreciated that the angles « and p are speci-
fied‘with reference to the appropriate axes of the bivane

itself, In the construction of the bivane great care was

taken to ensure that the aXes of the two sensors were accu-
rately perpendicular, Additionally, when setting up the |
.biVane on the mast, considerable dexterity was needed to
enéure that it was correctly aligned. For this to be
‘achieved the mast needed to be accurately vertical and,
further, once the horizontal componenf sensor had been set,
the mast had to be prevented from any further rotation, A
second ‘system of guy ropes, attached to the top of the mast,
 was used to ensure that this- could not occur. After initial
diffiéulties, a standard procedure'fdr accurately siting the
bivane was eventuaily'devised. The technique involved the
use of a prismatic compass and binoculars and, although a
little tedidus.-ﬁas reésonably successful,
Apart from the relatively minor difficulties of setting up

the bivane in the field, the device worked very satisfac-
torily. The results obtained from.the series of experiments
using the bivane are presented in Ch, 8,

L7

.The. Photographic Equipment and Smoke Generator

Cine photography of smoke plumes was employed to supplement

- the bivane observations in the final stages of the project.

._Smoke-candles.'supplied by STANDARD FIREWORKS of Hudd%%field.
were placed as close to the ion genefétér.as possible, and

then ignited by means of long fgses. ‘When a smoke generator
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was ignited, two remotely controlled autométic-S mm cameras,
the ion generator and recording system were switched on,

" These cameras were piaced at suitable upwind and crossWihd :
locations, and from the ensuing photographic recor@s. it was
possible to trace, accurately, the varying configuration of
the smoke plume, Small tungsten bulbs, placed in the field
of view of the cameras, were arranged to light once every
recording cycle, 'In this way accurate synchronization

' between_the photographic and data recording systems could .

"3

be maintained,

pIn the laboratory the smoke plume configurations were com-
pared with those éOmputed from the bivane data, Results

obtained with this-technique can be found in Sec.'8.2{4.-
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Chapter 5: THE DATA HANDLING SYSTEM
2.1

Basic Principles of Design and Operation

The yarious instruments described in the previous chaptef pro- -
duced analogue voltage outputs proportional to the vaIue_of

the particular parameters they wefe measuringi:'Thé.fange

of these output Qoltagés'lay between 0 and i.SV'and any ?roa

posed data handling gstem had therefore to accept this input.

It might have been possible to use atmﬁltichannel pen recor=

der to monitor the instrument readings directly. ' However,

it was hoped that an alternative system could be devised

which-wodld provide a digital output ultimately for computer

| processing., The use of a pen recorder would not have faci-

.litated this objectiﬁe and therefore, as well as for other

reasons, its employment was not considered any further,

It is'weli known that data can be stored compactly and conve-

-+ niently on magnetic tépes and; moreover, a tape recorder would

-be feasonably easy to handle in the field, Further; it was-——-

also possible to obtain a digital output signal from a tape

recordér system. _These'advahtages led me to the conclusion

‘that the most satisfactory recording medium, for this project,

would be magnetic tapes. Many previous workers, including some

at Durham, have, in fact, used this method for recording and

storing geophysical data,

An 'FM instrumentation recorder would, .of course, have been
ideal for this pfoject. enabling the -instrumental outputs to
be recorded without further processing. ﬁnfortunately. the

purchase of such equipment_was beyond the resources of the
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Atmospherics Physics Group and consequently an alternative
means had to be sought., ASPINALL (1969) was, in fact, con-
frented with this problem and he overcanme it by the employment
of a systeﬁ known as time division multiplexing. 1In such a
system the output from each measuring instrument is sampled
.in turn and the resulting sequence of values recorded on a
single channel recorder, For example, if five parameters were
being measured, then the first parameter could be recorded for
" the first second, the Sampler then advancing and the second
parameter being recorded for the next second. The system is
arranged to operate cyclically and, in the above example, the -

first parameter would again be recorded for the sixth second.

Clearly the main advantége of this technique lay in the elimi-
nation of the need for a multichannel recorder. .However, as
a particular quantity was'oﬁly sampled for a fraction of the
total time, it was inevitable that certain features present in
the variations of the parameter would be lost., .The effect |
which this loss of informaticn has upon the everall_pe;fopmance

of the system is discussed in Sec, 6.2.2.4,

Consideration had also te betgiven, at this stage, to the accu-

racy of the data handllng system, It was decided that, in |

common with the requlrements of prev1ous workers, the system

must not, if possible, degrade the accuracy of the individual
ﬁeésuring instruments in any way. In éractice. the pepformancenu——__—_
-of the proposed system was determined by_two factors, firstly
'the'constancy of the tape épeed past the heads during the recor-

ding and playback 0perat10ns and secondly, the stability and

llnearlty of the voltage to frequency and frequency %o voltage
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cpnvertors. Further discussion regarding—the accuracy of the
sjstem will consequently be poetponed until these eircuit-elep'
ments have been described.

The high quality portable audio tape rec¢order (EMI type L4B),

-used by ASPINALL in his project; was still serviceable and
therefore the present system was deésigned to operate with this
recorder, -Whereas an instrumentetion recorder:could-accepf-DC
'ihput voltages without modification this was not the case with
an ordinary audio fape recorder, which could only deal with AC:
signals in a range from approximately 30 Hz to 10 KHz. Conse-
quently, it Qas necessery to convert the DC signals from the
measufing instruments into some type of equivalent AC signal.

A technique in which the frequency of an AC signal was modu-
lated by the DC input voltage:has been used by ASPINALL, Such
va system, the accuracy of which depended solely on'the—meesured
freQuency of a signal and not on its amplitude. would also be

" insensitive to changes in recording level and the effects of
.minor tape defects.- The alternative, using amplitude modula-

~tTon, sufféred from Goth these drawbacks 4nd was not therefore "

considered suitable.

Previous workers at Durham had processed their recorded tapes

to produce a punched paoer tape 1nput‘for the computer. How-ﬂm“mm
ever, I was adviSed by the Computer Unit that this techniQue

'was no longer practlcal and it was suggested that a more up-: to
date approach be adopted. Fortunately, at about that time,
digital voltmeters with automatic printers were just appearing

on the market, Further.wa colleague, Mr. K. M.VDAIL¥.'Was about _

to construct a similar data handling system and so he - too

might 'reQuire'fhe use of such a device for his project. The
} : . . ) .
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— .
various possibilities were explored jointly and a WEYFRINGE
type 901 "Data Capture Unit" with integral printer was finally
selected as the most suitable, The range of this voltmeter
was from zero to 199.9 mvV, the accuracy being within 0.1 mv
of the indicated value. The registered value could also be
printed out (on a paper. roll) bj depressing the printer actua-
tor switch. The printer, which worked at the maximum raté of
one value evéry 3 s, could also be operated remotely and this
facility offered the possibility of complétely aut;matic play-
back of data tapes.. 2 .
5.2 : .

The Choice of Channel Allocation and Sampling Rate

As mentioned previously; it was proposed to record the outputs
of the four field mills, the wind Speéd. wind speed gradient
‘and temperatufe gradient systems., Therefore, seven inputs
would be required.if each instrument were to be allocated a
sihgle chaﬁnei. Itloccurred to.the authOr-that, of the four
different paraﬁetefs éhosen for recording,. certain of them
might be more relevant to this inveétigafion'than others, Conge-
quenfly;,effort was directed into asséssing}the most satisfac-
fory way of allocating channels to optimize data acquisition,
It was also felt desirable that a further channel be provided
in order that a marker signal couldvbe recorded once per sam-

' pling cycie. The function of this markér was -to be twofold.,
Firstly, abpearing as it did wifhin an ordered sequence of °
sampied parameters, any omissions or duplications in the sam-
-plihg cycling would, on playback, be immediafely obvious,
Seéondly, if a standard voltage-were to be applied during the
}intérval in which the marker was-being ngpled. it would enable

a useful check of the consistency of performance of the voltage

- 111 =~



to frequency convertor to be made,

After con91derat10n. 1t was decided that the fleld mllls
should . be sampled tw1ce as frequently as the micrometeorolo-

‘gical instruments and that the inclusion of a marker was

deflnltely worthwhile. Implementlng these 1deas would ralse
the total number of channels to twelve although, of course,

four pairs of channels would be common,

Early eXberiments had clearly indicated the need for,faster
sampling than that employed in the systems used by previous
'workers. Even with the provision of two channels for each
field mill, it was estimated, on the tasis of certain theore-
' tlcal relatlons. that the system proposed would need to cycle
" through all twelve channels in not moreé than 3 s. This rela-
tively high sampling rate was necessary to resolve the high
frequencies tﬁet were known to be present, particularly in

the. electric field variations.

53 - L

—ﬁe Samgllng,and Recordlng S&sfem

\

5231

Purpose of the System

This system was'designed to sample each of_the'measqping
instrumenfs-ih cyclic sequence and convert their output vel-
tegeé into a geries of AC signals suitable for tape recording.
The Operatlon of the system is represented schematically in |

-. Flg. 5. 1.
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o

3.2 -
The_Sampling System

ASPINALL (1969) suggeséed that future sampling systems might be
designed employing integrated circuifry; Following discussions
with the electronics group at:Durham, I realized that such.

~ techniques, whilst being eminently suitable for sampling AC

, signéls. were not easily adaptable to sampling DC signals. It
was recommended that the use of some type of elecfromechaﬁical-
device would, most likely, be far simpler. ASPINALL had him-
self used reed relayé and a quite compiex logic system in his
'experiments} Frankly, the author-fpund the prospect of designing
and constructing a syétem involving twelve:reed relays and asso-
ciated logic a little daunting and was therefore led to consider
siﬁpler alternative systems, . | | ' |

-

The feasibility of empioying a ‘uniselector as the sampling
device was coﬁsequéntly investigated, (A'uniseleétof is a
solenoid actuated multiway switch, a suitable current pulse
causing it to adﬁance to the next contact position), Fortu-
nately, the Group already possesséd a number of 12'wéy"uni-
se}ectors and tests confirmed that such'dévices éould'bé made

to switch at the required speeds,

Fig. 5.2, shows the system that was constructed employing the
uniseiectbr. The sampling rate of the system is determined by
thé pulse fepetition.fréquehcy_pf the astable'driver; The out=-
put square wave from.the_driver was used:to trigger mqnéStable 1l
and this, in conjunction with a reed.relay.-sqpplied puisesltd

advance the uniselector.

Duriﬁg the marking interval standard conditions were.estab-

lished in the voltage'fo frequency convertor by switching a .
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10K resistance in parallel with its input.

533

The V. Voltage_ to Fregquency: Convertor

The-ouput from the uniselector consisted of an ordered sequence

cf DC voltages and could therefore be connected directly to a

sultable voltage to frequency convertor.

Previous workers. at Durham have employed the circuit of DE'SA

| anchOLYNEUX (1962) for voltage to frequency conversion, How-

evec.'the rather smell'range of output voltage of the measuring

instruments used here required that either a different type-of

convertor ce employed or that the sighals were suitably ampli-

fiéd.' The latter alternative was rejected -as trouble had

already been experienced with DC‘amclifiers.

None of the pub-

lished circuits appeared suitable and consequently it was

necessary to develop a convertcr specifically for this project.

It was known that the pulse repetition frequency of an astable

. multivibrator is very dependent on the voltage applied to the

. base timing resistors.

The possibility of this voltage to

frequency dependence belng applled to the solution of the pre-~

" sent problem was therefore eXplored.

Suppose

g was the

supply.voltage:applied to the collector, whilst an.excess vol-

‘taée V were applied to the base timing resistors. This is

~shown in Fig. 5.2, (In this case the base resistors are Rg

and Rg, the collector resistors being Ry and Rg). Simple’

theory indicates that the pulse.repetiticn ffecuency, f, of.

- . 8uch an arrangement is given by the expression

f

.1.__

S

'2Rc1m3¥ﬂli)
vV
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where R is the base timing resistance

and C the timing capacitor value,

(1t is worth noting that equation (5.1) reduces to

1

= (5,2)
-2RC In 2

when V =<0, This latter expression, of course, represents
the.relation between frequency and circuit values for a con-

ventional astable multivibrator).

At this stage a trial circuit was constructed to establish.
the validity, or otherwise, of expression (5.1). Tests
revealed fhat; not only was the theoretical relatidﬂ closely
adhered to, but also, by a suitable cpdice'of g .-the collec-
tor supply voltage, the voltage-frequency characteristic
could be made virtually linear. It was found that, for this
project, the optimum value of I was about 1,4V It should
be noted, however, that as the frequency is also-dépendent'
upon the value of..Vs » as well as of v, the |, supply would
need to be very stable., High stability Qas.achieved }n_p?ac—
tice by specifying a mercury cell for this supply. (A mer-
cury cell has a very flat voltage-time discharge curve, thus
rendering. it eminently suitable for the application in view).
A further, and very useful; feature of this design of conver-
tor was its minute current.consumption,.tﬁis being typically

about ISOfA' , : .

A computed voltage to frequency characferistic_for the parti-

cular circuit values employgd:here is shown in Fig. 5.3.
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- 9.3. 4

The Blanking Circuits

Early trials with the sampling syétem revealed that coﬁsiderable
confact noise and other interference was present on the output

signal of the voltage to frequency.ponvertor during inteféhange
between input channels, Various attempts to eliminate thié_

intergference were unsuccessful, and therefore it was necessary

- to blank off the output signal during these changéover.periOds.

. .frequency convertér and sampling systemn,

Fig. 5.4 shows the types of wave form present in the voltage to

Later, it was realized that the blanked interval in the signal
could be used to trigger the printer on the digital voltmete%

and thus make a.separate synchronized trigger pulse unnecessary.
The blanking signal was generated by monostable (2) (see Fig,
5.2,) The signal, affef being paésed through a driving transfi-
stor; Was used to close a reed relay for a suitable length of

time during the interchange. After trials the blanking pulse

length was set to 70 ms,

The Design and Ooeration-of;the_Playback System -——
5.4.1

Preliminary remarks

During recordings each parameter was sampled for approximately

0.28'9, the exact duration depending dq.the setting of the }__m_
astable driver circuit in the sampling unit. Consequently, if

a tgpe were played-back at the same speed as it had beeﬁ_recor-
ded at, then'thg,resuitant output signal would consist of a I
series of tones each about 1/4 s in length, However, the -i
fastest speed at which the digital voltmeter could .reliably [
operate was one value per 3 s, It was décided, therefore, that

a second tape recorder would be needed in order to playback
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5.3

Computed voltage to frequency convertor characteristic

() (ZHM) '/(ouanbaJ.;. oubis jnding
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and in this convertor _

1
~ 2RC In@%t Y
. g+ V

Where=-
Vg = supply valtage -
R=timing resistance
C=timing capacitance

Vg L4bv
R 150K

C 15nF
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5.4

_' THE WAVEFORMS IN THE' SAMPLING

AND__RECORDING _ SYSTEMS (not toscale]
* la) Astable driver output (clock pulses] | R

(b) Monostable 1 output (advances uniselector )

—

c) Monostable 2 output (blanking pulses) -

—

wAro<——>

{d) Voltage to frequéncy con.v ertor 'outp(;t-after blanking
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_ -
fapes at a speed sufficiently low for the digital voltmeter to
work satigfactorily, Tﬁe portable tape recorder used for _
recqrdingzkhe fie;d operated at 7 1/2 IPS (inches per second)
and consequently, in order to dilate the recorded signals suffi-
ciently, it waé necessary for the second tape recorder to
operate at 0,6 IPS orlless. A possible alternative might have
been to record data tapes at speeds much higher than 7 1/2 IPS=
but this was regarded as unsatisfactory because, amongst other

problems, vast amounts of tape would be required for any reaso-

nable duratioﬁ of recording, -

A conventional ﬁains-powered ddmestié tape recorder was obtained,
and, by carefully modifying the drive system, it was.poésible .
to achieve a tape speed of just under O.SIIPS; This was done

" by attaching additional reduction pulieys between the motor

and existing systems and by carefully'gfinding down the capstan
shaft to half its original -diameter. A very high degree of
concentricity needed to be maintained in the ground down capQ
stgn because any error Qouid have caused tape speed variations.,
Wow and flutter would hence be created on.the playback-signal

and this would result in a serious loss in the accuracy of the

system,

This specially modified tape recorder will henceforth be referred
to as tape recorder B, To emphasise this distinction, the por-

table tape recorder empléyed in the field will be termed tape

recorder A,
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4.2

The Frequency to Voltage Convertor

The finction of this system was to convert the series of tones

appearipg_at the odtput of tape recorder B into a sequence of

D¢ voltages suitable for logging by‘the digital.voltmeter.

The rdle of the convertor is represented schematically in

Fig. 5.5. B

The-voliage to frequency convertor‘in the recording system .
opefatea in the range 2 - 6 KHz. The tape speed during play-'
back was about 1/15th of that durlng recordlng and hence the
frequency of the playback signals was in the range 130 - 400 Hz.

This wide dlfference between the recordlngﬁyhe playback signal

frequencies had, of course, to be borne ¢onstantly in mind

“when designing both systems, Setting the voltage to frequency
' convertor range too low would not have allowed the frequency to

. voltage convertor to operate correctly. Alternatively, if the

voltage-fﬁeqﬁency convertor range had been set too high the

a limited reeponse'of the portable tape recorder would have inhi-’

bited the performance of the system. 1In practice, the choice

¥

_.of -frequency ranges proved quite satlsfactory_fog_hgth _conver-
N :

to?s. . ' }\__

~

The operat1on of the frequency to voltage convertor is briefly
‘as follows. Incomlng trains of pulses -from tape recorder B

are fed 1nto the Schmltt trigger circuit (see Fig., 5.6. ) " This

; serves ‘to increase the squareness of the pulses and to remove

unwanted noise, The shaped pulses are then allowed to trigger

monostable Ai The output of this circuit consisted of a series

_of-pulseshof constant width, their frequency, of course, being

equal to that of the incoming signal, . These pulses are then
clipped in the emitter follower circuit by a zener diode.

After clipping. the pulses are integrated by an RC network, and

\7" o , - 118 -
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because of the'constant_height and width of the pulses, the out-

put of this circuit depended only on the pulse frequency.

The time constant of this integrating circﬁit.is of crucial
importance to the correct functioning of the convertor, Too
long a vélue would not have allowed the output vditage to have
reached its final value within the span of the pulse train,
whilst too short a time constant would have resulted in there
being unnecessary riﬁple on thé output voltage., In the present
system the value of this time constant was'set to 0.3 s. This
ensured that the output voltage ﬁas Qithin 1 per cent of its
ultimate value before_if.was printed by the digital voltmeter,
. The form of the integratof output voltage; fogethef with other
waveforms, is shown.-in Fig, 5.7. |

5.4.3

The Print Command Unit

It proved possible to derive a print trigger signal from the
output of.the integrator in the voltage td frequency convertor,
This output, after being taken thpough a buffer amﬁlifier, was
differeﬁtiated by a long time constant CR network. Tﬁe"type of
output p?bduced by this circuit is shown in Fig. 5.7(c). It
will be noted that a positive pulse is produced on the arrival
of each train of pulses from tépe recorder B, Consequently, if
a suitable delay circuit were triggefed by the arrival of these
positive pulses then it should be straightforward te provide a
trigger signal at an appropriate time.»hThe optimum mdmgnt forl
-such‘trigger pulses -to occur is indicated by the X'é'in Fig.
5.7(b). A satisfaétory delay circuit wés developed employing,
-as is con?entional, a monostable multivibrator, thg trimming

resistor VR2 being used to adjust the delay to the desired -

- 119 -



value (monostable B). A further monostable (C) was then
employed to supply the reed relay coil with a suitable current

o pulse, the digital voltmeter prlnter operating on closure of

the_relay contacts,

It shouid be mentioned here that the use of pfn-p.transistors
in this unit, 1nstead of the n-p-n types as elsewhere, was a
result purely of avallablllty, the unit hav1ng been orlglnally

de31gned to use the n-p-n variety,.

55
The Calibration of the Data Handllng System and its aubsequent

Performance in the Fleld _ _

551

Con51derat10ns affectlng the Accuracy of 'the System

_ System accuracy would depend largely on the follow1ng_factors:.

(1) The performance of the voltage to frequency and
frequency to voltage convertors,

_and (ii) the constancy of tape-Speed in both- tape recorders.

It was decided, before-any attempt be made to calibrate the
-system as a whele. that those units on which the accuracy

'7dependéd mést heavily should be individually assessed,

_The voltage to frequency convertor was already known to be
fsatfsfaetory in terms of linearity and stability of output,
these'festures Having been closely investigated during the
development of a sﬁitable circuit., It 'was, however, dis- .
- eovered that, with‘the Qesign of convertor'ﬁefné“used,.a
- small reverse_veltage was generated across its .input terminals,
The origin of this voltsge was traced to the effect of the' .
':fbase current flowing t6 the transistors in_the;conVertor,: This
current, when fiowing through  the output'resistance of voltage
source:connected to the convertor, produced the small reverse

[ -
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5.7

WAVE F ORMS IN THE PLAYBACK SYSTEM (not to scale) .

(a) Output from the Schmitt trigger.

- gudut L) U

(b) Output to DVM .

|
>

|
|

“(d) Output of Monostable B~

e ——

——

\ (é).Sighanllto reed coil :(_bririt trigger) |

| - —time —— |
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voltage., Typically this voltage was no greater than 0.1V and,
once its existence was appreciated and understood, no further

difficulty was experienced,

The frequency to voltage cdnvertdr was tested directly By :
applying a square wave sigﬁal, whose frequency cohld;bé
varied, and monitoring théroutput voltage. The results of
such a test are shdwn in Fig; 5.8(a) and'indicate a very
satisfactory performance.u” | |

_ %) .
The tape recorders were éhécked by tﬁezfollowing method., A
" constant frequency signal of suitable émplitﬁde, provided by
a high quality signal'generator,'was recorded onto magnetic -
tape by one of the tape recorders, 'The tape recorder under
- test was then made to playback the recorded tape into the
frequency to- voltage convertor, the output being connnected
~to a pen recorder, 'During playback some small random varia-
tions were apparent in théwoutputs of both recorders, the
large fluctuations being, as éxpected, in tape recorder B.
 The magnitude of these speed variations was never greafeél!

- than leér cent of the average value and.thué.Caﬁsed on;y a:

minor loss of accuracy.

It:was possible, with all but the earliesf obéefvétions, to
-provide some'compensation‘fOr thése.minbr tape speed varia-
“tiens, AThis was'achieved.during compﬁter processing of the
data, the ratio of the actual value of the.mérker signal-(see
Sec..5.2.) to.its value during caiibration beihg'used as a -
correction féctor..>Tﬁe'use of tﬂis technique. whilét'not
_completely eliminating errors from Spee& variations, provi-

ded a convenient and effective means of substantially

reducing them, .
' - 121 -



5.5.2
Callbratlon of the Data Handling System

Attentlon was now directed to establishing the characterlstlcs-

of the data handllng system as a single entity. The relation-

ship of principal'interest was, naturally, that between the

input voltages presented to the sampler unit (and recorded

aé tonés on magnetic tapes) and those voitages_ultimafely |
printed out by the digital voltmeter during playback, It

was evident from previous work that the relationship would

be closely linear, but a feature of equal, if not more, impor-

tance, was the long-term stability of the entire system,

The most obvious method of calibrating the data handling
system appeared that of maintaining a number of stable and
accurately known voltage inputs to the sampling unit, recordlng
a -tape, and then playing that tape back pver the playback

éyétem. Standard voltages were obtained from three potentio-.

.- meter networks supplied by a stable voltage source, The vol-

.tages chosen for the tests were 0, 0,5,-1.0 and 1.5, these

.values representing the full working range of the system,

The stability was better than 1 mV for the duration of a ..__

recording., The recorded tape was played back in the normal

‘manner,

After this test it was possible to accurately determine the
voltage transfer characteristic of the system, The values -
printed oﬁt by the digital voltmeter were punched onto com-

puter cards, and with the aid ofe suitable computer program,

- _their means and standard deviations found. The mean output

voltages versus the input voltages are shown in Fig. 5.8(b).

The standard deviations, which are too small to be illustrated
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5.8

RECORDING AND PLAYBACK _SYSTEM
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in the figure, were less than 1 per cent of_the mean values
at all four calibration points. This was most satisfactory-
and, at this point the data handling system was considered

ready for service in the field. "

As a precautlon the entire callbratlon procedure was repeated
at monthly intervais, After a few months it was found that
departures from the original calibration were quite negll-
gible, and because of this, subsequent calibration checks
were only considered necessary at three mbnthly.intervals.-
It emerged, as a result of these periodic tests, that the
long-~term stability was only marglnally less good than the

short-term performance,

5.5 3 . I
. The Performance of the System in the Field'

.Desplte the careful des1gn and rlgorous testlng of the system
in the laboratory prior to field work, some 1rr1tat1ng,

though relatively minor, faults d1d_appear,

Upon analysis of the'recorded data it became clear that the
voltage to frequency convertor was more sensitive to tempera-
ture variations than had'been ekpected This posed problems,
.'partlcularly during intermittent sunshlne. as the temperature
of the convertor could change by as much as 20°c, In total
these shifts in characteristic never exceeded 3 per cent and
were therefore not too-serlous. Oonce the effect had been
noticed the sampiing:and”recording unit was always placed in
a shady position; The problem did not recur once this,action

was taken,
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After some use the uniselector switch contacis became dirty
and this resulted in erratic voltéges being transmitted to the
voltage to frequency convertor, The appiication of a proprie-

tary contact cleaning fluid at regular intervals cured this

‘problem,

Apart from the occasional difficulties mentioned above, the
system functioned extremely well, and, once recording had

been started,-cQuld be relied upon to function without furf
ther attention, This was' ideal as it enabled the author to
undertake any supplementary observations needed or to check

~that other equipment was working efficientiy.
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~ Chapter 6: TECHNIQUES USED TO ANALYSE THE OBSERVED DATA

1
Introductory Topics

6

o

1.1

The Series I and ll.gxger;mgnts'

The relatiopship between the behaviour of a plume and the pre-
vailing atmospheric stability was discussed in Sec. 2.7., whilst
particular electriq field patterns that might be associated with
various plume configurations were mentioned in Sec. 3.6, Field
work was therefore directkd. at least ihitially.'to the recording
of electric fields uﬁdér ion plumes in various conditions of
stability. The electric fields were measured by four fiéld mills
whilst the atmospheric stability was monitdred.by the two anemo-
meters and thermistér_system."The wind speed and temperature
‘gradient péaéurements would ultimately be used to- compute the
Richardson number, thus allowing'comparisoﬁs between different

field runs to be made.

After considerable experimental ﬁofkjof the type descgibed_abové-ﬁ
had been undertaken it emerged that the résults, thougﬁ excellent
in themselves, were not réally providing as much information as
was hoped. However; it had been realized by‘fhen;that.the ihtro-
dqction of a recording bivane could be Sf considerable assistance
in understanding ion plume behaviour (see Sec, 2,8,)., Consequently
such a'device was constructed and employed:ih all later figld work,
In'practice. it prerd necessary to sample the Sivane readings as
frequently as- possible and, iﬁ order to provide sufficient input |
-chanﬁels.-fhe’existing ihétfuﬁéntation arrangements were modified.
In fact, the number of field mills had to be reduced to fhiee.

.only one anemometer could be used and the differential temperature

system was dispensed with, -
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These two instruméntal arrangements described above will be

referred to subsequently as the Series I and Series II systems

respectively.

6.1.2

The form of the data and the heed_for statistical énalys}s

In both the Series I and II field.work all data was recorded
on magnetic tapes by the methods described in Ch.5. These
data tapes.'once recorded, were returned to the laboratory
for processing by meaﬁs of the pla&back system., During recor-
ding, parameters were sampled in cyclic order, and therefore
the series of values printed out.by the digital voltmeter on
playback would be in a corresponding sequence, The actual
_sequence depended, in practice, on the nature of'fhe particu-
. lar'run‘and..of course, on whether a Series I or II type of

experiment was being conducted.

_ During any particular fleld run, most of which lasted 24 min, ,
- a different barameter was sampled every 0,28 s and, as a result.'
in the regioh of 6000 'values' would be recorded on a single
T tape. - On playback the same number of values was printed on the o
paper roll. theré\belng approximately 1000 values per double
ghannel and 500 each for the remaining single channels (see

;“_ 3Sec..5;2.), : i - ]

The direct analysis of'such a large amount'of data, particularly
in,fhe form of a long roll, was almost impossible, Thereforé .
techniques had to be devised to copé ultimately with mény similar
volumes of data, The need for a statistical treatment of some
fyie was quite evident from the sheer quantity'of dafé. However,
it was hpped that the recorded data could also be processed to

render graphical records so that the behaviour of the various
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quantities could be examined Qisually. A further possibility
was that of comparing the observed data with results obtained

from the plume models., This is discussed in Sec. 6.4.

6.2
The Application of Statistical Technlques to - the Analysis of
‘Observed Data

621

The choice of sultable methods

There was little doubt that the electric field under an ion
plume would vary in.complex manner with time and space, the
variations being, of couree; the result of both the localized
nature of the ion plume and the fluctdations of concentration
. within it due to turbulence., It was expected that, whilst

the natdre'of the field variations themselves would be compli-
cated, certain of their-overall-characteristics might depend -
in a fundamental way on the atmOSpherlc stablllty and other
'experlmental clrcumstances (Here, the term ‘'overall charac-
teristics' is used to refer to the general impression ene '
ﬁight'gein by a casual glance at-a-petentiel gradient recordt
Thue, for example, one would be immediately aware of the pre-

sence of large oscillations in the potential gradient velues);

In order to compare the results-of eXperihental,runs made in
different conditions, it was obviodely necessary to devise
methods of assessing_this_overallmcharacter'of the recorded
variations.-.Graphical pfesentations of the data'might have
‘been uséful'.in this reSpect'but it was felt that-comparisoﬁs
between records woulddbe very tedious and, as a résult, time

consuming., Consequently, statistical methods were regarded
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as being more suitable, Incidentally. it was hoped that inspec-
tion of graphical records would serve better as a means of ana-

lysing particular events rather than entire runs. In view of

-this we shall now consider how we can expect the electric field

to depend on various parameters, and after arriving at some

simple conclusions, propose a scheme of statistical analysis,

It seems obvious that, close to an ion plume, the mean electric

field would be considerably larger than at a distance, Further,

‘because of the erratic behaviour of all plumes, the variations

of electric field would most likely also be greater near the
plume, Thus, in statistical terms, the values of the mean and
standard deviations of the electric field should depend, to a

considerable extent, on the closeness of the measuring point

“to the ion plume. Of course, at large distances downwind,

~ where the artificial ion concentration would be very low, both

the mean and standard deviation of the electric field will

"approach their'natural values,

'"The mean and standard deviation, although clearly of great. ..

importance in characterizing the electric field, tell us nothing

“about the speed with'which the variations occur. The rapidity

of the field changes depends on many factors, but pr1nclpally

on the height of the mov1ng charges and their veloclty. In

practical terms this implies that the frequency of the electric

field variations should be largely determined by the ion source

height and the wind speed.

As.well as the-importance of the time scale of the variations,
it would often be useful to be able to estimate the connexion

between sets of. observations taken at different locations. This
is 1mportant because the relatlonshlps between such measurements
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. / .
were. expected to reveal considerable information about the
nature of the ion plume (this aspect is discussed further in

Sec. 3.6.).

Initially therefore, the means, standard defiations and corre-
lations would be computed for each set of data. Later it was
expected that, in the light of experiencé, certain additions
and refinements to the techniques would be required. A dis-

' cussion of the statistical methods, including the later modi-

fications, now follows. -,

12

2.2

A gynopsis'of the_statistical method
2.2.1 : ‘

;ntréduction

(o))

The application of Statistical techniques to the analysis of
geophysical déta is by no means.noveld ~In studies of atmos-
pheric turbulencé particularly, statistical approaches have
been regarded és virtually standard éince the classical work
of TAYLOR (1935). . In atmoséheric electriéity-statistical
methods have also been appiied_but.their use has not been so
widespread as in the pré?ious_case. Several workers at
Durham, e.g. SHARPLESS-(l968). have used simple statistical
concepts in‘their data analysis, However, ASPINALL (1969)
extended these methods iq analytical wbrk on frontal precipi-
tation., In fact, his techniques have much in common with mine,
even though, of coﬁrse,'they were devised for a very different
purpose,  ASPINALL includes a comprehensive'discussiqn of the
statistical methods he employed and therefore only a summary

is presented here,
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6.222

Means_and standard deviations

Mean values were computed in the usual manner, that is by a

calculation of the type

e e .___.__'._.;__.__ X =%ZXI : | £

Here, as before, the overbar denotes the mean value, while

X} , = 1,2,3,464. ' ’ represents the series of

values whose average is required.

The standard deviation, o, , of the values of.x was computed

X

as is usual, by the following relation

o2 L3 x- ts,2
1 | 3

The quantity g2 is known as the variance, and both this and
the standard deviation indicate the amount of variation present

in the values of X.

"“—__'Sometimes;it"is‘bf'idterest“to‘bénsider‘théfiéIéthéf“réthEi
than the absolute, variation in a quantity. A useful measure
of this, knoﬁn:as the coefficient of variation, Ccv , is defined

by the ratio - . e

CV = _;'x_ (6,3)

6.2.2.3

Cross~-correlation technigues

The application of cross-correlation feehniques to establish
the relatlonshlp between paIrs of variables is well known. see

for example RACTLIFFE (1962) As a flrst step the cross-
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covariance C}y of the'variables X and ¥ is formed by using

the relation

1 %) (y_ 7
c,, -h—E’:rx,._xuv;_w (6,4 )

A cross-correlation coefficient, R;y-, can then be obtained by

normalising Cxy by the product of the standard deviations of

each variable, The modulus of R;y

which case the variables are essentially uncorrelated, and unity

varies between zero, in

which implies perfect correlation - either in phase or in anti-
phase depending on the sién. Exbressing this mathematically we

have

Cov '
P A : (6,5)

It will be observed in equations (6.4) and (6.5) tﬁat correspon-
ding elements of each series have been correlated. That is‘the
ith element of the X series has been correlated .Wi:tn the i
element of the Y series; Suppose the eiectric field were being
‘recorded at two,poihts downwind of the ion pluma. This is ‘shown
diagrammatically in-Fig; 3.11(a)._ It is clear from the electric
field records depicted in the figure tﬁat a maximum crass-
correlation will occur when either of the records is displaced
in time by an amount equal to the transit time of the feature
, causiﬁg the field variations., Thus we could profitably extend
the calculation of the 'simple' cross-covariance in equation
(6.4) to include cases where the two sets of variables have
been displaced with respect to each-oth;r. We now express. this

idea mathematically, denoting -the cross-covariance at a dis-

placement of ¢ intervals by the quantity C*ylz) . Hence
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_ YU . l . .
p _ .
_.'ny(U, =7 E - XNY - Y) (6,6)

The: quantity ( is usually known as the lag number and for

- meaningful results to be obtained it should not exceed d10.

In a similar way we can normalise equation (6.6) to obtain
the cross—corfeiation coefficient R;ylu at lag number ( .

Thus

: ) '
R M = X - (67)

g o

'As a particular} but very important, case of cross-correlation
aneiysis we can compute the correlation of a particular variable
with itself at various time lags, Denoting this aut000variaﬁce,

as it is'kn6Wni_by' C, (t) we can write

TN C (li -; Z( X~ X=X | (68]
.‘ . : \

Similarly we may normalize c fu by the variance of X to
" produce the autocorrelation ¢oefficient at lag number(, R (L)

hence

C U
R (1) = —x"L

( .
= (6,9)

o?

X

e

I4

The importance of R (l) 1is that as it expresses the correlatior
of a variable with itself at various time lags it is consequently
a sensitive measure of the time scale of the variations present

in x .



In order to assist the reader various types of auto- and cross-
correlation behaviour are shown in Fig. 6.1, together,with>'
notes concerning the nature of the variations giVing rise to

then,

It should be noted here that the lag number. {  is related to -

the displacement time v » by the expression

T =s/

where s is the sampling interval, -

Spectral analysis

It is intuitively reasonable to éxpect that a connexion might
exist between the shape of an auto-correlation function and
the variations when‘expressed in the form of a spectrum, Thus
for example, in Fig. 6.l1(a), the auto-correlogram which falls
off the more rapidly (A) would obviously contribute a greater
proportion to the variance at higher frequencies than the less
rapidly varying autocorrelation function (B). It can be shown,
.subject to certain limitations which need not trouble us here,
that the autocorrelation function and spectral density can be

expressed.as Fourier transforms of each othef. In mathematical

terms we have

m -

G, (f)] = A/Cx (Y] cos 2nf T dv (6, 10)

4]

where G, (f) . is known as the power or variance spectral den-
sity of the variate X ., In fact, G, (f) §t represents the

contribution to the variance of X arising from variations
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within the frequency range f tof+éf , It should be noted
that in the evaluation of Qxlﬁ » the quantity gx(f)'ié.'py .
implication, a continuous function of T ., This may be so - in
some cases but in_fhis project; owing to the discrete,néture
of the recorded data, the autocorrelation can only be calcu-
lated at those time intervals which are multiples of s , the

éampling interval, Further, as the upper limit of infegration.

. is infinity, we apparently need to know the variation of C (7

for all time, Clearly this is a practical.impossibility,'fdf

‘we can only obtain realistic values of C () up to a time

eq&al-fo ns/ﬂ? . The practical effects of these limitations
are twofold, firstly the spectrum can only be evaluated within

a partiéular range of frequencies and secondly, the contribu-

* tions to the variance must be estimated in discrete bands.

. Actually by a suitable choice of sampling interval and running

time, which controls n , these limitations need in no way be

detrimental to the results. —

A further source of trouble resulting from discrete data is that
it can give rise to an effect known asjaliassing:'”Variafions T
which occur at frequeﬁcies higher than 1/2s cannot be resolved

from those which occupy slightly lower frequencies. Conse-

.quentiy when a variance spectrum is computed from such data,

‘contributions arising from frequencies higher than 1/2s are

{fblded' into the spectrum near this high frequency limit, 1In
view of'fhis,_caution must be exercised when considering the
mﬁgnitude of the spectral density function near the high fre-

quency limit,. For a fuller discussion on thi§ and related

topics the reader is referred to BENDAT & PIERSOL (1966).
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Typical auto- and cross-correlation patterns
(a) autocorrelation behaviour
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It is also possible to form spectra by applying Fourier trans-
férm techniques to the cnms-cmmvhpce functions. In this case,
however, the situation is more complicated because of the

" mathematical nature of the cross-covariance. It is found, on
taking the Fourier-tfansform. that the resulting spectrum is a
cqﬁplex quantity and has the generai form

6oy f) = Co (i - 'jQ (f)

The real part is known as the cospectral density function
whilst the imaginary part is referred to as the quadrature

- spectral density function;' A discussion on the significance

of'Coxy(f) and Q&y(f) is beyond the scope of this thesis

and in any case is well documented in the literature.

Thetquantity

-2 .
G .
Coh [(f) = [XY"'-] - { 6,11), which is
Xy G It Gy(f) ' o .

known as the coherence of the variables X and Y at the
frequency f , -does however, have a simple physical interpre-
tation. It repreéents.'in fact, the relative contributioh
made to the total cross-correlation by vériations occw&&ng at
the frequency f . As the value of such a conce?t may not bg
. immediately obvious we shall illustrate its use by means of

an example.

At a given wind speed and ion source height the rapidity of an
electric'field'variation will depend on the dimensions of the

charge system:being blown past the measuring point, 'Obviously
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a larger system will cause lower frequency variations than a
smaller one, Suppose now we consider the connexion between
the electric fields measured at two points separated in space,

It'sh0qld be clear that similar low frequency.variations are

-likely to appear on both records because of the large scale

charge systems produéing them.' (This argumént. of course,

-only applies when the separation between the two points is

not too great,) However, the high frequency variations, which

v

- arise from the movement of mofe,local and smaller-scale éhapges

are unlikely to be similar at both measuring stations. Expres-
sing this 'idea in statistical terminology we would say that, in
the above situﬁtion, the coherence between the records is ;arger
at the low frequency end of the spectral range. The use of
coherené§ analysis, which enables us to quantify the variatioﬁ
of cross-correlation with freqﬁency. might therefore be of
assistance in establishing the 'dimensions of the_charge_Systemé

causing the field changes,

-~

In a similar manner we may also consider the relative phase

“between the two electric field variations as a function of

frequency. This is expressed mathematically by the relation

= ™ o e - 0'.---.;._ .
/Xy(f, = tan"__"L{L (612) - ~

" the. quantity ﬂ;y(ﬁ' being known as the.phase specfrqm of .

' the variables X and v .
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6.2.2.5

Shape Analysis

After a number. of graphical records of electric field had been
examined it was evident that the variations were often of a.
characteristic shape. The larger electric field peaks were

| relatively narrow with sharp maxima, whilst the smaller peaks

" were broader and rounder., We may readily explain this by
considering the_behaviouriof the electric field variations
caused by two similar moving charges, one of which passes

élose to the measuring point, the other remaining_more-distant.
The vertical electric field, due to a given charge; is propor-
1::i.ona1_'l:o{'si.n;z$)/l'?t’2 (see Sec, 3,3.). .I.[n the case of the
more distant charge both.thg'sinﬁ and 1/R2 terms change

only slowly, the 1/R2 term never becoﬁing large, On the other
hand, fhese terms change fapidly during fhe passage of a charge
. near the measuring point, and at the minimum distance of sépa-

ration, the 7/R2 term can attain large values,

The effects described above result in the electric field varia-
tions being asymmétribally distriﬁuted about their.mggn_value.
.réther in the manngr'shown:in Fig. 6;2(a), It is, in fact, |
possible to quantify this 'skewness' of a Qariation by coﬁ-"
puting its third moment about the mean, and then normalizing

by division with the cube of the gstandard deviation, .(Further
details can be found in LUMLEY & TENNEKES (19?2)). Expressed

mathematically the skewness, S , is given by

, 3
S = Zliii::EEL; i . 16,13)
X n c§3 |

A further quantity of interest is the kurtosis or flatness
factor. This function 'weighs the tails® of the distribution

and responds strongly to the different types of variation
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.This completes the discussion on the statistical methods.

shown in Fig. 6.2(b). The kurtosis is expressed by the formula -

ZfX . '(6:74-}'. ¢

.-_na"

(Again further details may be found in LUMLEY & TENNEKES).MN___

6 3

‘The comouter;programmes used to process the_ data

6.3:1

Introduction

It is not the 1ntentlon of this section t6 consider the ‘text!

of the computer programmes as such a dlscuss1on would be

. inappropriate in this thesis, Copies of the programmes,

which were written in FORTRAN IV, are, however._included for

reference (see appendix),

A oomputer orogramme, once written, was transferred onto punched

cards and'then. together with the appropriate data and control

" cards, was submitted to - the computer, Aftér“thé“pfégrammes““‘“'“
. ™~ .

‘were known to be\functioningfsatisfactorily they were 'stored

under their ‘'name' on magnetic dises. During subsequent com-’

3_outing} access to any particular programme could be obtained

by referring to that name, It was also found worthwhilé'to

store programmes in compiled'form as this saved considerable

computer time when orocessing data,

A valuable additional feature available at Durham was that of

7/

' - computer plotting facilities. The 'piotter‘ which,worked in

a similar.mannerrto a conVentional.chart recorder, enabled both

observed data and theoretically derived results to be presented
graphically. Extensive use has been made of this facility i

*\
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6.2

The skewness and R_L_'_th_os___is_ofd varying_quantity
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/ .
in.prepafing the observed data for analysis,

6.3.32 : )

The Series I Programmes

The elements of these programmes are shown in Fig. 6.3.,
little additional éomment being required here, . Originally
all analysis was undertaken using DATAPRQG;' iater. when
'interest was centred on the spectral and shape aspects of -
the data further analysis was performed with SUPPROG (supple-

mentary programme). >

The réle of the digital filter will be discussed in Sec. 6.3.4.

6333

The Series II Pr;grammes

The basis of the two programmes used to process this data is
shown in Flg. 6.,4,, the bulk of the computing belng undertaken
with BIVANEPROG.

Final experiments in this series involved the visual cqmparisbn
of computed plume configurations, derived from bivané data, with
tﬁose obtained directly from the cine photography of a smoke
plume. In order to facilitate these comparisons the derived
plume configurations were plotfed with the aid of PLMPOSNPROG
(plyme-position programme), Details of this experimental "
technique are given in Sec., 4.,7., whilst results obtained'with

it are discussed in Sec. 8.2.4,.

It was felt worthwhile, having already determined values for
the three wind velocity components v ,v andw , to compute the
' magnitude of the surface stress., This quantity was éalculated.
using equation 2.7., and the reader is asked to consult

Sec, 2,3. for the details, The numerical value of this stress,
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while having little direct bearing on'this'WOrk, is neverthe-
less of considerable interest. A great deal of rublished
data exists on the surface stress and comparisons between
these values and those observed might indicste. if nothing
else. whether the bivane system'Was workisg satisfactorily.
As observed values of the surface stress are presented in

Ch. 8.. comments on the bivane performance are reserved unt11

" then. . -

634

. The use of digital fllters

It should be understood that the rdle of a digital filter is
essentially no dlfferent from any other type of filter, the

idea being, in all cases, to suppress unwanted features of

" incoming data or signals,

It was found that spectral analysis of the electric field

data often revedled the existence of very large variance con-

" tributions from the lowest frequencies, These contributions

were. in fact, the result of large scale charge systems, e.g.
clouds; passing over the field work area. Such very low fre-
quency varlatlons were of little relevance to this proaect
but unfortunately their presence detracted from the overall

quality of the computed spectra, This problem also confronted

'ASPINALL (1969) and his remedy was to filter the data prior to

spectral analysis. A similar.approach was ‘discovered to ve

equally satisfactory in this case and ultimately a high pass

filter of the type

X(K) = X(K) = PX(Ke1) (ox& RRTRAN wasqe)
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Computer processing of Series I data

Raw data on punched
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observanhons from 4 mills, -
wind speed &temp.grad.vdues
- o ”
¥
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Computer pk___c’:cessihg _of Series IT data

Raw data_on_punched cards
observations from 3 mills,
anemometer and bivane.

conversion to actual values

compute uvand w
velocity component

compute means,
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was chosen, ‘(See ACKERMANN (196%4)). (Hére X{k) represents
the x!" value in a sequence of values of X ), Filtering
action was obtained here by subtracting dut'any trends which
were present in the data, The coefficient P , which must
be ascribed a value between zero and unity, is used to con-
trol the degree of filtering. In practice, its §a1ue was

adjusted empirically to obtain balanced spectra.
[

In the case of the'SQriés II data analysis, inspection of the
predicted and actual electric field records revealedAthat
most of the disagreement between them was in the 'fine struc-
ture*' of the variations, This waé. of course, only to be
expected, because the bivahe data modei. with its relatively
coarse integration steps, could not ﬁossibly predict the
details of the field variations.  Thus, to suppress the.
highér frequencies, where it was unrealistic to demand_good
agreement, the two sets 9f values were put through a suitable
low éass digital filter.- The type of filter employed, which
was originally intended for smoothing spectral estimates, is of

the form
X(K) = 025.X(K-U +0,5XK) + 0,25.XK»1)

2

and, in effect, takes a running mean of the quantity to be
~filtered. Further details of the method. which was origi-
nally due to HANN, can be found in BLACKMAN & TUKEY (1958).
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6.4
Typ1ca1 results obtained with the steady-state and osclllatlng

plume models

6.4.1 | ,

Introduction

In practicai terms, the steady-state and oscillating plume

- models proved rather disappointing., . Neither model was capable

of imitating the most importanf feature of all tufbulent
motion - its irregularity. Although the existence of this

.randomness was apprec/ ated from the ocutset its importance was

underestimated and this resulted in the models being, frankly,

rather unrealistic., More successful models of turbulent
diffusion'have been based on numerical techniques used in con-
junction with a random numﬁer éenerator. e.g. THOMPSON (1971).
Originally it was_hbped to compare observed electric field
data with that obtained from the modelé but in mény cases this
was a rather futile exercise, However, despite their inherent

limitafions. the results obtained from the models are of .some

: interest and demonstrate, at least in a general way, certain

features which do occur in reality.

"6.4.2

The s steady—state model -

The electric field under the 'steady-state' plume was calcu-
lated in the manner detailed in Sec. 3.4.2, Fig. 6.5, shows

results, in typical conditiens, of such calculations made at

. various points under an ion plume, (The validity of assuming

a plume codfiguration of this type has already been considered.

elsewhere and .no additional comments are needed here - see

Sec., 2.8.)

If the plume were treated as a line charge then the electric.

field would continue to increase as one moved downwind
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directly beneath it; however, in reality'this effect must be
offset against those of turbulent diffusion and electrostatic
- forces which tend to broaden the plume. In‘préctice. and in
' the model, the combination of these various factors results
in the electric field attaining a méximum value at a definite

distance downwind,

It was found, after a numbér of computer runs with the sfeady-
state model had been completed, that certain useful conclu-
sions could be drawn., At any particular point,ﬁ! say, " the
electric field £, , for a given eddy diffﬁsivity..depended

on the soﬁrce height h , the éourceicurrent i. and the wind

speed v , in the following way

1

Em xi. g .
£ o< 1fu VERY APPROXIMATE

E_o<1fn
(These relations could, in fact have begn deduced on the basis
of the relevant equations in Chs, 2 and 3). Thé main use of
such relations was that they permitted electric field values
to be deterhined, at‘ieast approximately, in other conditions

without recourse to the computer,

Also of interest, though only indirectly in this.work; are

the values of electric field away frdm the surféce. In these
circumstances, of course, the horizontal components are no
lbﬁgér zerd. the fotal electriC'fieid at any point being the
vector sum of its three components. A calculation, .using a
steady-state modél, was undertaken for a plume of" the type
found in stable conditions, some results being'shbwnwiﬁ

'Fig. é.6, It should perhaps be emphasised again that the mag-

...nitddes of the electric field values obtained with this model
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are not realistic because electrostatic expansion effects.
have been. ignored. However, the variouS'trends shown in
the behaviour of the field componeﬂts should persist regard-

less of the plume width, No further comments are 1ncluded

here as unfortunately it was not p0531ble to actually
measure the horizontal components and therefore comparisons '

with observed data cannot be made.

6.4.3

The oscillating plume model

This model, which has been described in detail in Secs.
2,8.3, ehd 3.4.4,, wes an attempt to simulate the looping

: plume characteristic of unstable conditions. Thus, in the
sense that the computed electric field was not constant but
varies with time, this model was more realistic then the
steady-state model. The main weakness of the modei was, es
expected, the omission of crosswind and vertical diffusion
" in the modelleq plume. The importance of this factor was.

appreciated at the outset, but it was éstimated that a single

_coﬁﬁuier run. 1ncorporat1ng these dlffu51ve effects, mlght

take longer than one hour, Unfortunately, such amounts of
computlng tlme were not ea51ly available and therefore the-
11m1tat10ns of the model had to be accepted. (Perhaps this -
is an appropriate p01nt-to emphasise that the oonceot-qf.a
looping plume with crosswind and vertical diffusion-isi

thought to épproximate-quite closely to reality).

A set of results which typify'those obtained using this model
are now discussed, The values of eleofric field'underneath a
_plume executlng vertical 1oops are shown in Fig. 6. 7. The

1ectr1c fleld 1s. of course. a varylng quantlty and,. in coo-_

EURE Y T



6.0

Some results obtained using the 'steady-state!

plume model
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Some typical results obtained using_the
~ loscillating_ plume_model' (see also fig 2.5)

This run simulated @ plume with vertical loops. Values ascribed to
the wvarious parameters were:-

=0, A=0,17, Fy=0,F;=0,03, U=Ims-!, H=10m, 1pA ion source
| y | H .
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| (at 50m downwind)
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sequence, we may calculate its mean, staﬁdard deviation and
other statistical quantities. in this example tﬁe field has
been computed at 10, 30 and 50 m downwind of the ion source
and also for crosswind angles of 2° and 4° at the 50 m posi-
tion., The value:of tﬁe constant A, was chosen so as to make
the plume descend, in its looping action, to within 1.5 m of
the 50 m downwind point. In the model the amplitude of the
oscillations was arrénged to increase lineafly.with downwind
distance and therefore at 10 m and 30 m the.amplitude is
correspondingly smaller., The efect of thié increasing ampli-
tude of the loops is shown by the dramatic increase in .the
mean, standard deviation and skewness (see Sec, 6.2.2.5.) of
the electric field as one progresses downﬁind. It is, of .
course, not very meaningful to enquire how the electric field
behaves at greater distarices downwind, where the plume may
reach the ground, because at that stgge the concept of a line

charge becomes totally unrealistic.

Many of the features described above actually occur in practice
and further reference to them will be made in the next chapter,
The magnitudes.of the electric fields prédicted, even taking
into'conSidératiOn the.iFA source used in the modd, are larger
than was measured. There can be little doubt that the reason
fdr this was that the charge was too locélized in the model.
This again eﬁphasises the need for the incluéion of crosswind

and vertical diffusion in the model.
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Chapter 7: THE SERIES I EXPERIMENTS

‘Introduction o : e ' )

' The field work had to be conducted with portable equipment

because.theréiwas no suitable site at which tq-inétéil»a
. pefmaneﬁt system. The lackpfa permanent inétqllation_
réquiréd that ali equipmgnt had to be erected before and
dismantled affer each series of experimental runs; a cﬁm?lex_
and lengthygﬁrscedure._ Normally if took. about an hdur to
-erect the mast.iattach the meteorological-instqumenfé.and
‘.ion geherator, and place the field mills at their allotted
positions. Earlj-field work was undertaken at the 0Oxén LAW
site (see Ch, 1,), approximatély 20 miles from the Uniﬁersity.
‘and fhus a furfher half hour was necéssary to transport the

quipment to this destination,

Once operatiohai conditions were established, five or six
' fjeid runs would be attempted. Each recording only lasted’

— - ___ 2% min, but in between runs, field mills might have to be _
- re-sited, b} tﬁbghéight of the ion generator altered, As a
' . ‘ . .
result of these, and other, adjustments the total time

: 'required,to perfbrm the field runs was. sometimes as much
~as five hours. |
~ ©  The complexity of'the experimental sjstem at times required
| thelexgedditufe of considerable effort, bbth.mental and .
phyéicé;. to'assﬁre its correct functioning, It was found
fhat these human factors were restricting the-émOuht of field
work that could be done and to ameliorate this aﬁ experimental

site nearer the University was sought, Later field work was,
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in fact, carried on in'one of the playing fields at ‘the
University Sports Centre, Maiden Castle, (see'Ch. l.). In
-many ways this was an i&eal site being oniy half a mile from
the laborétory. However, one or two minor disadvantages did

become apparent and these are mentioned in the next section,

7.2 -

The nature of the exneriméﬂfs andvchoicé.df-weather conditidns

The aims of the experiment were quite simple, being first to
explore the electric field in the vicinit§ of ‘ion plumes and
then secondly to relate these results to the prevailing micro-

meteorological conditions,

The ion source, anemometers and differential thermistor-sensor ,
were placed at standard heighté on-the Clarke mast, In prac- -
tice the standard heights were 9 m and 2 m, whilst the ion
generator could be attached at any of three heights, namely
9 m, 5mand 2 m, The retracted mast, 2 m high..was held ver-
tically by guy ropes and the various items of equipmgqt bolted
to it., The mast was then extéﬁded to its full height by means
of the hand'pump-pfovided and the top guy ropes-secured.. After
this the anemomefers, thermbmeters-and ion soﬁfce were connected

into their appropriate electronic systems and functional checks

performed,

\

It was found vefy helpful to attach a shall wind vane to the
mast at the same height as the ion generator, Observation of
this vane enabled the local wind direction to be accufately
determined thﬁs facilitating the correct placing of the field
mills. ' Generally the mills were set in arcs or 1ine§ downwind

of the ion source, the exact arrangement depending both on the
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meteorological conditions and the particular objecfives of the
experiment. As a rule, field mills were not placed more_fhah-
100 m from the source, because, although ions could certainly
be detected at much‘gfeﬁter distances, the time invblved in
setting out cables of such lengths would have proved detri-.

mental to the experiments as a whole.

A typical experiment is shown in progress Fig, P10 . whilst

additional details are presented in Sec. 6.1.1.

During the perioé 21st April 1972 to 10th August 1972, forty-
seven 24 min, data recordings were made - mostly at Maiden
Castle. Nine of these recordingswere of the natural.potential

gradient'whilst the remainder was concerned with the ion

plume,

Ideally it was hoped to obtain results in as wide a variety

of meteorological conditions as possible. There were however

" certain limitations to be considered, both in the performance

field work was impossible in rain or snow for reasons explained

ofvtheiequipmént and in the technique itself. In particular,

ih'Ch. 4, The equipment, notably the ion source, could be
damaged by anythihg more than a light shower and therefore

this eventua;ifylhad to be avoided. Consequently all field .

. work:was restricted to lightly clouded conditions so that ﬁheré

was little likelihood of any precipitation, Choosing such éon-
ditions also meant, conveniently, that the natural ﬁotential
gradient variations would be small and therefore not inter-
fere with the.experiments. Occasionally, at the Maiden Castle
site, diesel fumes from local land reclamation operations

resultea in large'fluctuating potential gradients being

-~ 148 -.



measured (see also OGDEN (1967)). There was no choice but

to abandon field work in these difcumstances.

Positi@e ions were used throughout this series §f experiments
to avoid any ambiguities in the sign of the potential gradient
downwind of the ion source, (The results of the $eries IT
experiments indicate that the behaviour of ions of both signs
is substantially the same), In many later experiments the
natural potential gradient'was not actually recorded because,
if a field mill were reserved'for this task, only fhree would
remain for recording under the ion plume, Thus, in order to
make maximum use of .the equipment.;ail four field mills wére
gsited for recording under the pluﬁe, the ﬁatural potentiai
gradient being monitored at the beginning and end of each run

to ensure that it was'close to its normal value,

The complicating effects of fOpography and changing synoptic
conditions were meﬁtioned-in Ch. 2. In practice by far the
largest problem was that caused by the arrival of aﬂsea breeze,
the onset éf which, usually about noon, could'ultimatéi& ;hange
the wind direction by as much as 90°, Further, the character
of the sea bréeze was'such that after ifs,arrival the afmos- '
phere tended to be less unstable than previouély.' This dis-
turbed the continuity of,aﬁy experiments because, under these
circumstances, the field milis had to- be completely re-sited. .
Lafer; as expérience was gained.'the likélihood of & sea breeze
could be anticipated and, by deplyying the equipment appro-

priately, any irritating effects minimised,

The Summer of 1972, during.which_this field work was conducted,

was rather cloudy and~consequéntly stable and unstable condi-
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tions occurred only infrequently, Nevertheless, some .quite
sﬁccessful field runs were perfofmed during unstable condi-
tions, but obtaining results in stable conditions presented. -
something of a problem. It will be recalled (see Sec., 2.6.)
_that_stable_coqqitions usually occur at night, The operét;op_
of the equipment in darkness would have been extremely diffi-
cult and was not seriously confemplated. Despite these
obstacles, some useful data was'obtained late one evening in

- thoroughly stable conditions.

. Presentation and Discussion of'the_Experimgntal Results

7.3.1

Initial Considerations

The field data was-procgssed in accordance with the analytical -
progedures described in tﬁg previous chapter, two computer |
prograﬁmes (DATAPRCG and SUPPROG) being written for this pur-

pﬁse. Statistical techniques were of undeniable value as their

use enabled a particular run to be precisely characterized and

. thus compared” with other field runs, However, such méfhods
did not necessarily cénvey.tO'best'advantage certéin featﬁres
presgnf in the records themselves, It was thought preferable
'fherefore. by way of introduction, to:briefly describe those - - -
important and recurrent characteristics which were immediately
. apparent even from a visual examination of the records. It is
hoped ‘that fhe results of the more complex analyses will fhen-
~be more easily understood once the reader has a clear idea of
the nature of the variations themselves, . Unfortunately, space
"does not permit the ihclusion of entire records here'but'seiec-

ted portions are presented in Figs. 7.1, "and 7.2,
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IN A LINE DOWNWIND OF THE ION SOURCE

SIMULTANEOUS POTENTIAL GRADIENT RECORDS AT FOUR POINTS
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Fig. 7.1. shows a series of simultaneous potential gradient
records taken at various distances downwind of the ion source.
In this run (No. 4, 8,7.72) the ion source was at a height of
9 m..whilst fieid mills were placed at distances of 15, 30,

60 and 90 m downwind., We note that, in fhe record taken at
15 m from the source, a small peak (A) of potential gradient
occurs 11 é after recording commenced, It should be remarked
that,the maximum value of potential gradient attained here,

1100 vm-! , was far in excess of the natural value,

)

We now make the reasonable assumption that, whatever the

charge distribution was that caused>the peak A to occur, that -
charge would inevitably be blown along by the wind, This idea
was, in féct. introduced in Ch. 3 and the reader is referred
there for further details; In accordance with this assump-
tion wé might reasonably expect similar peaks.(B, C and D) to
occur in records taken at greater distances downwind, but of
course, at correspondingly later times. We can estimate the
velocity of travel of'thé-chérge parcel on this basis, .and in
this case, it was found to be 4.4 ms-! , The fact that this
figure is exactly the same as the mean wind speed for the run
is foftuitous but the agreement does indicate the plausibility
of the above hypothesis, Also of interest is the fact that

the peak attains a maximum size‘in the récord taken 60 m down-
wind of the source. It seems froﬁ this that the charge parcel,
as well as travelling along with the wind, appears to change

as it does sd.- In practice, it was thought that the parcel
moved gradually nearer the ground, possibly under the aétion of
image forces (see Sec, 3.5.5.), as it was blown along, Naturally

the parcel-was_also'dispgrsed. both by turbulent and electro-
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static agencies, as it moved downwind and therefore-af greater

distanees the electrical effects begin to diminish,

" An additional feature of reievance was the behaviour of‘the'

" background, as distinct from the natural, potentlal gradlent

in these records. 1In fact. we can observe a systematlc

. ‘decrease in this as the downwind distance increases. This 1is

'sdbstantially in accordance with the steady state model dis-

cussed in Ch. 6 and is, of course, a result of the general

increase in ion plume dimensions as it travels downwind,

Typical results obtained with the alternative arrangement of
field mills, i.e. across the width of the plume, are shown in

Pig. 7.2. In this record, part of No. 3, 13.7.72, the ion

‘source was at a height of 4.85 m, the mean wind speed being

2.3'ms’ , As anticipated in Sec, 3.6. the relationship
between the potential gradient records is now quite different,
although their individual character is much the same. We '

note that in the record of mill 3 a peak (A) occurs at the

_same time as a trough (&' ).in the mill 2_record.. A similar, . __

R But more prenoﬁhced. example of this is demonstrated by the

features B and B', It is clear, that in order to produce
these out-of -phase variations, the ion plume (or part of it)

must have moved toward mill 3 and awa&-from mill 2, This

" movement could occur in two ways. Firstly, as shown in

" Fig. 3.11, a horizontal loop could have passed over mill 3,

or secondly. if the plume were already nearer mill‘3, then

the passage of a: vertlcal loop would have produced the same

.effect

- 152 -



7.2
SIMULTANEOUS _POTENTIAL GRADIENT RECORDS AT THREE POINTS
N A CROSSWIND LINE DOWNWIND OF THE ION SOURCE

Part of 13.7.72(3) - fon source height 4,85m
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A different type of beﬁaviouf is'indicateq by the in-phase
peaks C and C'. Here the charge parcel must have been
mov1ng nearer both fleld mills simultaneously and again
-there are a number of ways in which this could have occurred.
Calculations show, however. that in order to produce these .
two peaks .of roughly the same size, it is most likely that a
charge parcel passed between field mills 2 and 4 rather than

to'one side of them;

b

Unfortunately, as can be seen, it is not possible to specify
 precisely th type of hovément that produces these potential
gradient variations, but the indications are that, because
of the out-of-phasg nature of some of the variatiods. the
size of the featuées causing them is relatively small. The
statistical analyses, to be discussed next, do, however, give ‘

a clearer idea of the size of these charge features.

N

.2 -
The Statistical Analyses , -

7321

Purpose of the Analy31s

The main purpose of this investigation was to establish the
basic features of ion plume Behaviour. Conseqﬁently it was
thought more appropriate to take a collective view of the
statistical results rather than attempting to ascribe too
much significance to any particular run. It seemed obvious
thét the meteorological conditions and ion source height
would profoundly affect the potential gradient variations and
therefore the statistical results were considered in relation

to these, and other, factors, Further, the existence of the
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electfdstati¢ effects, described in Ch. 3, could also be
clearly demonstrated by such an approach. The results of the

statistical analyses: are presented graphically in Figs., 7.3. -

7.11., verbal comments-being included below,

dm mm mbn s m e e = e e o

7.3.2.2

._Mean potential gradient v. distance downwind

This is shown in.Fié. 7.3., distinction between runs with
different source heights being made by the use of the sym-

bois indicated, The mean values are widely scattered but,

nevertheless, certain general trends are apparent., The

lines, drawn by eye, indicate the overall tendency of the
mean potential gradient as a function of distance downwind.

Reference to Fig. 3.10. shows, that for the 9 m plume, we

‘'would not expect either image or repblsion effects to be

lafée. except in the lighteét winds, and thus the behaviour
of fhe piume is largely determined by the meteopological
conditions, The values of the mean potential gradient are,
in this case, in reasonablé agreement with those predictéd

by the steady-state model (see Fig. 6.5.)-but it should .be - ———

' ehbhasised-fhaf\this does not necessarily imply that the

actual ion plume was in a steady state., However, when the

ion source was at 2.3 m, Fig., 7.3. shows that, in winds of

a few metres per éécond. image effects appear capable of

" bringing the plume down to ground level within about 50 m

of the source, It is not possible to be categorical here

7because of the paucity of data.but the results do seem to

indicate an abrupt disappearance of the plume at about 50 m

£

downwind,
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MEAN POTENTIAL GRADIENT -versus  DISTANCE

DOWNWIND _ FROM__ION _SOURCE (all -runs)
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STANDARD DEVIATION ‘OF POTENTIAL GRADIENT versﬁs
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_Standard deviation of potentlal gradient v, dlstance downwind

This is shown in Fig, 7.4., and again there is con31derable
scatter'in_the results, but as before, trends are apparent.

It can be seen that, in those cases when the ion source was

at 9 m, the standard deviations show a broad peak at about |
50 m downwind, The existence of this peak is thought to be

a result of two opposing effects, Firstly.Vthe.gradual motion
of some plume elements toﬁard the ground,‘caused both by image
forces -and certain larger scale turbulent‘motions (e.g. looping
- gee Sec, 2.?.), resul%é in the potential gradient variations
 increasing in.magnitude with downwind distancé; Secondly, and
in opposition, are the diffusive effects of turbulence and
electrostatic repulsion. Thus, at a certain distance downwind,

the field variations attain a maximum of intensity.

The rapid decrease of variance of potential gradient downwind'_
of the ion source at 2.3 m is in accordance with the image

" effects discussed previously.’

7.3.2.4 '
Standard deviation of potential gradlent v, mean w1nd speed

This analysis, shown in Fig. 7.5., indicates a weak trend in
the data obtained with the ion source at 2.3, m; It appears

" in this case that potential gradient varigtions tend to be
largest when the wind speed is about 4 m§4 » This can also
_be explained in terms of opposing effeéts. namely thbse of
image forces and dilation of plﬁme matérial by_the wind, It
was shown in Sec. 3.5.3. that the charge per ﬁnit length of
the plume was -inversely praportional to .the wind Spged. Con-
seduently, at the higher wind speeds, the plume segments are

likely to be more sinuous and dilute, and as a result, the
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potential gradient variations smaller.

1,325

Standard deviation of potent1al gradlent Ve Rlchardson number

In contrast with prev1ous results, this analy51s, which is
shown in Fig. 7.6., dlsplays a very marked trend. We note
that much lower standard deviations occur'during'unstable and
'stable,nﬂha-ﬂmnneutral. conditions. This is, in fact, a |
direct resuit of the lessening ef turbulent diffusion activity
in the stable conditions; whilst on ﬁhose occasions when it
was unstable there was so little wind that any turbulence was
aimost entirely thermal. Consequently, in both circumstances

- the weather was very quiet and this allowed the'eleetrostatic
effects to dominate the ion plume. behaviour, It was shown in
Ch. 3 that, .in. very low wind speeds, these effects result in
.a-very eroad plume being formed with very little variation of
concentration within its boundaries, We nay. therefore, con-
jecture that an ion plume of this nature would not be capable

.. of producing large potential gradient variations,

-

7.3.26
Cross-correlation between potential gradient records at
dlfferent downw1nd distances

'Previous reference to the evolution of plume elements has been
made when discussing the correspondence between potential
'_gradient'peaks obtained when the field mills were arranged in

a line downwind, It is p0551b1e to estimate relative changes

' lysis, the results of such techniques belng shown in Flg. ?,7.
_Further details of the method can be found in Secs. 3.6. and

6.2, 1In the results here, the cross-correlations are expressed

1n the charge d1str1butlon by the use of cross-correlation ana-
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7.5

STANDARD DEVIATION OF POTENTIAL GRADIENT AT VARIOUS

DISTANCES DOWNWIND OF THE ION. SOURCE versus

MEAN _WIND SPEED
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DISTANCES DOWNWIND OF THE ION SOURCE  versus

RICHARDSON NUMBER
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with reference to the field mill nearest the ion source, which
' in all cases wes'either 10 or 15 m downwind. The effects of
time'displacements betweeﬁ the records have been eliminafed by
considering the maximum;croes-correlation coefficient provided
that it occurred at an aepropriate lag number, As we would
expect the'potential gradient records were almost fully corre-
lated,: about 0;99 in prectice. when the field mills were -
together, With increasing downwind seperation the cross-
correlation gradﬁal;y decreases, the height of the ion source
having, rather,surprisiﬁgly; little effect on the correlation
decline. A very epproximate estimate suggests that, at mill
sebaratiens of greater than 200 m, the potential gradient
records would be v1rtua11y uncorrelated. This does not neces-
sarily imply that all the ions have recomblned. or otherwise
disappeared in this distance, but that the mixing effects of

turbulence have resulted in a thorough re-distribution of the

-

charge.-

The results of the investigation .of the fine weatﬂer_natufal
potential gradient are. included for reference and indicate,

as ant1c1pated, a much slower decline in cross-correlation with .
field mill’ separatlon. This is interpreted as being a direct

result of the considerably larger scale of the natural charge

o

elements,

71327

Cross-correlation between potential gradlent records taken
at various cross-wind angles : _ _ m .

It was only possible to draw tentatlve conclu51ons when dls-
cussing the downw1nd cross-correlation behav1ou: in the pre-

vious section, However, in this case, shown in Fig, 7.8.,
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the indications are more definite. The basis of the épproach R
has alreadybbeen described. in Secs. 3.6, -ard 6.21.and there-
fore only the imélications of the résults are dealt with hére.
;The anélyses. rather-aé expected, showed that, in nofmal condi-
tions the ion plume width was about 20°, This is, in fact,
“somewhat larger than.an-uﬁcﬁarged plume'and is.haésf ii;;i&:mgf
. result of the electrostatic expansion effects referred to.in
Gﬁ. 3. Of particular interest is the ion plume behaviour in 
unstable and stable conditions, where the muéh slower-decline

of cross-correlation with anguiar separation strongly rein-

forces the opinions expressed in Sec. 3.3.

7328 .
/. Relation between time-lag at maximum cross~correlation, wind
speed and separation distance of field mill pair

fIt was pointed out in Sec. 3.3. that éertain features of the
pogéntial gradient records were. the result of charge parcels
'being"biown along by the wind, One may investigate this in a
mofe rigofous way by considering the relationship between the
time lag at'makimum crogss-correlation, wind speed and mill
f*”"f"“f“ﬁeparation. Such an anaIYEis;_depicted'in“Fig;'?T9};"iﬁdi:“'““*”
cétes conclusi&ély that the pdtential gradient variations were

caused either by features of the entire ion plume or plume

. segments travelling along with the wind,

7329

Potential gradient: variance spectra

| Althdugh a considerable number of variance spectra were computed,
the'resulfs,_though interesting, did not reveal as much as was |
hoped. The dﬁta was passed through a digital high pass filter,
Qescribed in Sec, 6.3.4., prior to spectral analysis in order

to remove any low freqhency trends that might have been preéent.
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'THE CROSS-CORRELATION BETWEEN POTENTIAL GRADIENT
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7.8

THE _CROSS-CORRELATION BETWEEN POTENTIAL GRADIENT

RECORDS TAKEN AT POINTS WITH VARIOUS CROSSWIND
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THE RELATION BETWEEN' TIME-LAG_AT MAXIMUM CﬁOSS-

CORRELATION,WIND SPEED AND SEPARATION DISTANCE OF

FIELD MILL PAIR (Field mills direc—ﬂy downwind of the ion source)
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Typical resuits are sﬁéwn in Fig. 7.10, and these bring out
clearly the considerable effects that the plume has at all
frequencies. The effect of the ion soﬁrée height on the
variance spectrum is also shown, indicating that the poten-
tial gradient variations are larger throughout the frequency

range with a lower source.

A featdre not revealed by the Speétra was a'tendency, in
‘gimilar conditions, for the autocorrelation of the potential
gradient to fall off faster when the ién éource was lower,
This implied the presence of relatively more high frequency
energy in'tﬁht case and follows directly from the elementary
reasoning regarding moving charges preéented in Séc{AB.B.

It remains obscure why this point is not evinced by the

variance spectra,

Finally, it shou;d be mentioned that there is_sfill a. consi-
derable variance contribution at the high frequency limit of
the spectra and therefore it would be advantageoué if ?he
frequency response of the field mills and recording éystem

could be extended in future investigations.

7.3.2.10

_Potential gradient coherence and phase spectra

Typical spectra are shown in Fig. 7}11; not because they con-
vey any new informatién but rather theﬂspectra indicate the
complexity of the processes operating. . Despite the intricacy
of thg spectra, certain general features'can be distinguished.
Firstly, the coherence was greater at all frequences when the
field mills were.cloéer together and also, in that éaSe, it

fell-off more slowly with frequenéy.. Secondly, the phase
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difference increased much more rapidly in thé case of the
widely separated mills., These .general trends can, in fact,
be deddCed from simple-geoﬁetrical anguménts but the com-

plex nature of the actuél spectra waé'thought fo be a fesult

‘of two additional factors., Onthe occasion shown a very w:.de |

variety of eddy sizes was present in the wind and thls would
naturally rgsult in there belng a similarly sized assortment
of ion plqmé segments moving downwind, Further,.whilSt the

plﬁme}segments were travelling between the field mills, thé'

actioﬁ of turbulence was constantly fe-arranging.the-ioﬁ

distribution within them.,

7.3.2.11 2.1

Skewness “and Vurt051s ana1y51s

The potential gradient records were subjected to the skew-

ness and kurtosis analysis proposed in Sec. 6.2.2.5. The
skewness of the potential gradient under the ion plume was

invariably a small positive value which did not vary systema-

"tiCally with the meteorological éonditions,_ion'source height

“or'ény other parameter, The sign of the skewness was a direct -

regult of the fact that a positive ion plume had been used in
this'inveétigatiqn. Inspection of the potential gradient
records indicgtes that, although occa;idnally highly skew
peaks do occur, it seems most likely that, statistically“
speaking, these peaks ‘would be masked by the large number of

small and much less skew peaks present in most of the data.

The result of the kurtosis analysis was similarly inconclusive,
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Typical _potential gradient variance spectra
THESE SPECTRA WERE OBTAINED IN SIMILAR .
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Coherence and phase spectral analysis of potenticl gradient records

obtained from field mills_at various  distances downwind o the ion source
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Criticisms and Conclusions

The results indicate that the potential gradient variations
" are caused by a haphazard sequence of éharge distributions
passing over the measuring point, In certain conditions it
would appear that portions of the ion plume become virtually
detached from the main system, These charge parcels are .
égpgble of maintainihg their identity over considerable dis-
tances and resulf in characteristic electric field patterns.\
as they pass over an array'of field‘millsf' dross-correlation
. analysis has indicated that these detached:portions are of
quite small size - typically_é few metres'across. The confi-

guration of the ion plﬁme and the behaviour of the detached .

portions is largely controlled by the meteorélogical condi-

‘tions, as are the characteristics of a smoke plume. Two impor-

tant exceptions to this must be noted however, Firstly, ions

released at a low level (less than 2 m) are rapidly attracted

to the ground by images forces and presumably absorbed therein,

Secondly, in very light winds, less than 3 ms -/ or'gpl_ipn
plume -btehaviour is dominated by the electrostatic effects

discussed in Ch. 3.

It was clear at the outset that the Series I experiments would

6n1y:prbvide general data on the ion plume. In particular,
the instantaneous ion plume configuration could not be ascer-
tained and thus the details'of thé charée distribution were
not knoﬁn, The Series II experiﬁentsylusing the bivane,

largely resolved this difficulty.
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Chapter 8: THE ION COLLECTOR, SERIES II AND OTHER RESULTS

e

ntroduction

=

enabled one to make various, rather general, deductions

The experimentaliresuits presented in the previous chapter

about ion plume behaviour, It would obviously be -useful

_if'a more penetrating technique were available to investi-

gate these plumes, Reference has. already been made to

" bivane techniques and thus the justificatiqn for the choice

\
of this method is not discussed here. Bivane readings taken

near the ion source were used to predict the'changing ion
plume configuration, from which values of the potential
gradient were evaluated at various points and compared with

those acfually measured. Certain shortcomings, both in the

.equipment and the bivane data model, became apparent, and, in

a further series of experiments, the predicted plume configu-
rations were checked against results obtained directly from
cire photography of a smoke plume,

P

- Two‘reléted'investigatibns were‘a1s0“conducted;'4The'region—*“"

near the source, that is within 10 m, was explored with the

ion collectbp, whilst field mills set at distances of up to
1/2 km downwind were used to determine the "long-range

behaviour™ of the plume,
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8.2 - o

' The Series II (B1vane) Results

8.2.1

General Remarks'

The arrangement of apparatus in.the field was broadly similaf
to that of the p;evisus series of experiments, The main
difference, of course, was the inclusion of.the recording
bivane near the ion source (see Sec..6.l.l.). Certain diffi-
-culties had been experienced from sea breezes at Maiden |
Castls and consequently the Series II eXperimsnts were con-
ducted at Oxen Law, - (As these ékperiments.were performed
in fhe Autumn the much weaker insolation would probably -have

caused little difficulty with sea breezes anyway.)

Thirteen 24 min, data tapes-wera recorded on two slightly -
unstable clear days.in October 1972, . The predicted and
measured values of potentiai-gradient downwind of the ion
source were then compared statistically. - However, inSpectibn
of the graphical records also produced by -the computer indi-
cated that much of the disagreement between the values Qas

~attributable to the'shoft-period variations, In this context
the tefm short-period refers to variations lasting no longer
than two or three seconds., The sampled nature of the bivane
data implied it was clearly.impossible for the computer model
to predict these short-term variations accurately.a In order to
obtain a more reallstlc assessment of the value of the model,
the predlcted and actual potential gradlent data was therefore
passed through a low pass digital filter prior to statlstlcal

'analysis. Before discussing these resalts, however, we shall
consider by way of introduction, a typlcal section of potential

-gradient data obtained durlng this series of experlments.-
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Discussion of a Section of Typical Potential Gradient Record

Fig. 8.1. shows part of a record obtained 10 m'downwind of the

ion source ‘which, on this,occ;sion, was at a height of 5 m,

- The predicted and actual potential gradient variations are

. shown, the nature of the records being much the same as those

presented in the previdus chapter, The overall agreement

‘between the'predicfed and actual values is self-evident and,

Qith some relatively minor exceptions, this was so in most of
the'other,recprds. Certain features are worth noting, howe?ér,'
Firstly, nearly everywhere én this record, the predicted values
are somewhat less than the aé¢tual readings, although the magni-
tude of the variations is much the same. The virtually con-
stant difference is attributed to the presence of the natural
potentiai-gradient which is, of course, superimposed on any

values measured near an ion plume. The natural potential gra-

‘dient, as monitored by a field mill placed well upwind of the

ion_source,'was_found to be about 250 vm-! , this figure accor-

.ding well with the difference between the predicted and actual

‘ data, -Secondly, this record, which has not been filtered,

exhibits the disbrépahcieé iﬁ-fﬁé“éhort-tefh";;fiatigﬁé referred
to -previously.

To illustrate the nature of the ion plume motion causing the

potential'gradient variations two computed configurations are-

" shown in Figs, 8.2, and 8,3. In these figures small black

dots have been used to indicate the positions of successive
plume elements, whilst the lines joining the dots depict the

geometry of the plume 'as a wholé. The'positibn'coordinates

were obtained with the bivane dafa'model.. It should be remem-

bered that in the calculation of potential gradient with this
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model appropriately sized space charge parcels were supposed
to reside at the plume element positions, The validity of

this assumption is discussed later,

At time A (see Figs. 8.1, and 8,2.) we observe that three
charge elements of the plume are almost directly above the fidld
mill (F) and, because of the inverse square law, it is these
three local charges Which-make by far the largest contribution
to the predicted potential gradient. During this time the
actual poténtial éradient behaved simiiarly and we thus con-
clude that, in all probablllty, the actual plume configura-
tion was not too different from that predlcted In marked
contrast with this is the situation of the ion plume at time

B (see plan in Fig, 8.3.).' Hefe the ﬁrojection of the -entire
plume. is at an angle to the mill-source line; possibly due to
the passﬁge of a large horizontal eddy or similar feafure.
The-predicted potential gradient is, as we would expect, much

lower because nowhere is the ion plume near the field mill,

8.2.3

Discussion of the Statistical_Res@lts.

8231

gpgnlng,rémarks

The data obtained from thg bivane,'anemometer and field mills
was processed by the computer in the manner described in

. See, 6.3. The cross-correlation coefficient.betweeh the pre-
‘dicted and actual potential gradient values was of most inte-
rest because its magnitude indicated the validity or otherwise
of the bivane data ﬁodel'and the extent, if any, of the elec-

trostatic effects, The standard deviations of the predicted
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- and actual potentdal gradient were also computed and . in many
cases the agreement was quite good, 1In fact, the best agreeJ
ment was obtained when the source current in the model was
set to f0.3/n4 and, taking into account the Series I results,
this figure was accepted as being the best available. Obser-
vations with the ion collector indicated  that the ion souree“jm_
produced negatlve ions rather more copiously, see Sec. 8.3,
Values of the turbulent surface stress obtained with this rela-'f
tively simple equipment. although of little direct relevance to.
this project, were nevertheless of interest in that they pro-
.vided a check.on the bivane and recording Syetem. Actually,

‘the results obtained for the stress were close to the accepted .

figures and this was quite encouraging,

It wiil be noted from Fig. B.h., which gives a summary of' the
Ser{es iI.results. that negative ions were used in some of the
o runs. The implication of this is that near or under the ion
; plunie the eign of the potential‘gradient'would, at times, most
_ - likely be reyersed. Unfortunately, sign discrimination was
—~——"%—~—ﬂeva'ineorperated on the field mills as had . been originally — — —.
intended and conEequently there were inevitably occasions when
the polarity of the recorded potential gradient was uncertain.
. Thls effect, which is discussed in more detail later, caused
certaln dlfflcultles both when 1nterpret1ng the graphlcal
records and in understanding the value of cross-correlation

obtained.
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8.2.3.2 :
The nature of the cross- correlatlon between predicted and
. actual potential gradient data

~ We shall now consider firsily how this crbss-correlation might
. be expected to depend on various factors and secondly any
likely sources of discrepency between measured and predicted'

" values of potential gradient.

The cross-correlation should be better when
(a) the wind speed is higher,
(b) the ion source height is greater, and

Syt

(c) the field mill is placed'near the source,

‘jUnder circumstences (a)-and (b) we would anticipate that the
ion plume configuration would adhere more rigerously to the
_bivane data model ﬁecause any'eleetrostatic effects would be
minimal, However, in_conditions of high}wind epeed. because
the sampling interval is constant, the plume elements used to
evaluate the petential gradiehf in the model are relafively
widely seaced. Inevitably, this large spacing will,‘at least
to some extent, detract from:- the acCuracy of any-predicted
electric field_values. In the case of (c)‘aBOVe it would seem
reesoﬁable that, whatever the exact neture,of the turbulence
causing the_potential gradient variations, the model would be
more applicable nearer the source;-'Thie is because the depar-
ture from the straight line effect (on+ ‘which the bivane data
is based) would be less near the SOUrce"thah at greater distances _

-d0wnwind‘(see Sec, 2.8.).

Sources of dlscrepancy between the. predlcted and actual values

of potentlal gradlent were thought to. be:
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(a) Departure from the straight line effect - see Sec. 2,8, 2..

(v) Dlscrete, i.e, sampled, nature of the data,

- (c) Omission of crqsswind and vertical diffusion in the model,,

'(d) Disregard of electrostatic effects,

(e) Instrumental errors, principally those of bivane alignment'
and anemometer accuracy, and ' '

(f) Lack of field mill sign- discrimination.

Thewexietenee of the straight-line effect ‘is, of course; funda-

‘mental -to .the success of the bivane data model and-aﬂy depare

ture from it would inevitably affect thefresults adversely,

0f equal importance was the eampled-nature of the data, it being
su3peeted that many small scale features of the plume were beiﬁg
missed, This suspicion was confirmed in some later experiments )

with smoke - plumes (discussed later in this chapter) during which .

) the validity of the stralght 11ne hypothe51s was. also thoroughly

explored Initially it was hoped to include_the effects of

'crosswind and #ertical diffusion in the bivane data model but
"this was not possible for reasons detailed in Sec. 8, 3.3.2.
~ For 51m11ar reasons, the effects of electrostatic forces had**“ ''''

‘also to be omitted from the model.

Considerable effort was takeh to carefully align the bivane

by a procedure involving the use of compass and binoeulare,-

‘more details of the technique being given in Sec. 4.6, 4 Des-

p1te these precautlons it is felt that, together w1th 1naccu-

racies in the data transfer system, the bivane observatlons

““ could have been as much as 5°.1n-error. Naturally, if the

anemometer system also gave inaccurate readings, this would

detract further from the reliability of the computed wind coma{

~ponent values,
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We now consider the anélytical results, shown in Fig. 8.4.,_in
‘the light of the previbus comments, An examination of the
cross-correlation éoefficients indicates that if any tendencies
are apparent, they would seem to be in contradiction to the pro-
posals made abo&e. That is, the correlation appears rather
better whgn the ion séurce height was low énﬁ in ;ight winds.
However, a visual inspection of the graphical records suggested
that the predicted and actual potential gradient values agreed
rather better than their,correlafion coefficients would indi-
cate and, in fact, on most occasioné the agreement was.duite
good. Further, visual anal&sis also substantiated that any dis-
cernible frends in this aéréement did apparently conform to the '

criteria originally suggested,

~ The reason for the disparify between the two‘methods of analyéis
is quite simple and is as follows. It must be remembered that
the value of the correlation coefflclent is very sensitive to
the p051t10n of the largest peaks and because of the nature of
the‘system being 1nvest1gated._1t was in the predlcthn of
thése_large potential gradient variations that the maximum erfor
was likely to. afise. Thg 1arges£-variations are, of éourse;
caused by space charges passing clbsé to the fiéid mill énd

when such a variation has to be predicted the accuracy of the

" bivane and anemometer as well as the validity of the computer -
model are both severely challenged. Coﬁsequently;_it was
‘hardly surprising that whilst the agreement between the sméll
peaks, associated with the movement of more distant charges,

was frequently excellent, that between the large.peaks was often
disappointing. In view of'this it appears that correlation ana-

- lysis, in the mathematical sense, produces ﬁnnecessarily _pessi-
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mistic results and thus more importance was attached to the

visual analysis of the potential gradient records.,

Certain additional effects contributed-to the_poor cress-

correlation obtained in some cases. The particular instances

where this is applicable have been superscripted with the
~ ‘letters a, b or ¢ so that the various factors causing these

low figures can be discussed separately.

In the case of those values labelled with an 'a' the poor
correlations were substantially a result of the effects des-

cribéd immediately above combining in an unfavorable manner.,

" - The poor results carrying 'b' or ‘c' iabels were all obtained -

" when negative ions were being used and we therefore suspect
immediately that this may be a result of the lack of sign dis-
crimination on the field mills, In fact, this turns out to be

"_ so but the lack of sign discrimination causes, not one, but two .

1

“related effecfs. Let us suppose, as:was the case in fact, that

__the natural potential gradient was small.and positive through- .
out these fiéld“rgns.  Firstly, if the negative ion plume is
- ‘relatively distant from the field mill, then any motion toward
. the mill, provided that the motion is not too large, will result
~in the measured.potential gradient being decreased slightly.
However, the possibility of computatiqns involving negative ions
" (and hence negative potential gradients) was, rather stupidlyi.
_.hot-allowed for in the bivane data model computer'programme and
-as'a-result'the sense of the predicted potential gradieﬁt varia-
_ tiéns was incorrect in the bircumstahces’detailed.above} 'Thati

is, when the ion plume is executing motions relatively far away
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from the field mill the:predicted and actual potential gradient
-values will be.in antiphase. Consequently, if this type of

situation is maintained throughout a field run then the overall
dfoss-COrrelation between the values will be negativé. This is

referred to as effect er,

Sécondly; a more éomplex sifuatioﬁ arises if the negative ion
plume moves much nearer the field mill, The potential gradient
will; in all probabiiity. be reversed, but, because of the
‘failure of the mills to éescriminaté between positive and nega-
tive values, the actual negative_potential gradient will be
recorded as positive, 'Thereforé.'in this case the'larger. but
usually less éommon, peaks would be in phase with their predic-
ted counterparts, However, as ﬁefore the smaller, but invariably
more numerous, peaks will be in antiphase, This state of

affairs will lead to either a small positive or negative cross-

correlation depending on which factor is dominant, This is

reférred to as the effect 'b°’,

8.2.3.3

Concluding nbfes

.The"bivane method' of investigating ion plumes has been
:reaSOnébly well established despite considerable instrumental
problems and difficulties with data analysis, ‘Cross-correla-
tion techniques proved rather disappointing but careful

visual examination of the results indicafed that, with rela-
tively few exceptions, the agreement between predicted and °
éétual potential gradieht Valges was good. The physical comf-'
plexity of operating the exéeriments in the field was such

fhat.only a small number of runs could be attempted. Conse-
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quently the covérage of various meteorological conditions was
nothing like as comprehensive as in the case of the Series I. -
experiments, Nevertheiess, it was possible to discern, as

anticipated, that the bivane data model was more reliable at

moderate wind speeds and with the ion source well above the

ground,

The results of these experiments also indicated that there
was 1little difference between the behaviour of positive and,
negative ions, although investigation of negative ion plumes

was, to some extent, frustrated by the lack of sign discrimi-

'_ nation on the field mills,

A>photographic technique was devised to re-examine the vali-
dity of the bivane approach in an attempt to discover the

reéason for the occasional disagreements.betweeh the predicted

- and actual pofential gradient values, The details of this

~method and the results obtained are now discussed.

.8.2.4

Smoke blume photography .

 Suppose a smoke plume were generated by a suitable source

jplaced'és close as possible to the ion generator. Then,

ignoring electrostatic effects, the smoke and ion plumes
should be coincident., Further, the position of the smoke,
and hence the ion, plume could be determined directly by

photography and thé comﬁuted configurations obtained from the

_ bivane could be compared with these photographic results, In

. this way the reality of the bivane data model could be criti-

cally assessed. It would also be possible, if time permitted,
to compute the expected potential gfadient from the photo-

graphs, and departures from the actual values indicating the
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magnitudé of the electrostatic effects present. However, the
success of such experiments depended entirely on two factors,
Firstly, the smoke must be.electrically dncharged. and secondly,
the ions and smoke particles must not interact, . In the first
case field mills placed dbwnwind of a smoke candle indicated
that fhe smoke was, fortunately, electrically neutral, The
magnitude, if any; of an ion-smoke interaction was not investi-

gated,

The experimental technique, briefly described in Sec. 8,7.,
was an extension of the method used in the previous investiga-
tions with . the bi&ane. Two 8 mm cine caﬁeras wére placed.at'
suitable distances upwind and crosswind of the smoke candle;
These cameras, which were mounted on stﬁrdy tripods, could be
remofély controlled and wére connected into the recording
system b& a specially designed interface system, In order
that accurate synchronisation could be maintained between the
photographic_and recording systems, small lamps were situated
near the cameras and within their field of vieW. These.lamps
' were.arranged to light during'that'paft’of the recording cjle
in which bivané data was being sampled,

Initially, it was hoped to ignite the smoke candles electri-
cally. It becaﬁé apparent, lowever, that the hast, already
erploaded, wpuld not support any additionél wiring and thus
.an alternative method of igniting.the-smoke generators had to
be found. 1In pfactice the only.method appeared to be that of
attaching time fuses to the candles and lighting these with '
- the mast retracted, Once the fuses were burning the.mast was
pumped to its maximum héight and the top'guy_rqpes.secured.

Clearly, this was a somewhat tedious procedure'énd'the diffi-
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culties were increased by the fact that once the fuses were
1it no further confrol could be exercised over the time of
ignition, |

The type of smoke candle used burned for approximately 4 min,
and produced a dense white smoke.' Desplte the relatlvely-mqﬁm“w‘
high opacity of this smoke, on some occasions the contrast
between plume and sky was rather poor, This led to diffieulf
-ties when trying to discern the position of the plume on the

cine films. 1In an attempt to alleviate this more powerful
smoke-generators were tested but these appeared to produce

a much hotter smoke and considerable convective activity |

was observed. Unfortunately. this precluded their use in

this project.

‘Despite all these difficulties quite useful results were

obtained and these are now discussed briefly. '

In these experiments the correlation between the-predioted and

actual potentlal gradlent values were examlned as before.

Although the duration of the runs was now much shorter, only

4 min., the cross-correlation coefficients were similar in
“value to those obtained from the previous 24-min, recordings.
However, this correlation was not the‘primary'concern here,
the main interest being centred on the relation between ‘the
-plume configurations obtained photographiczlly and those com=
puted with the oivene data model. Experiments vere performed
with the ion and smoke sources at two heights, namely 9 m and
2.3 m. In the case of tne higher sources, however, the plume-;
sky contrast was so poor that verj'litt;e could be learnf from

the cine film-record., Thus the conclusions listed below derive
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mainly from results obtained with the sources at 2.3 m.

These experiments were performed on a clear day.in March

1973 with near-neutral conditions and a wind speed of about

4 ms-! , The general conclusions are as follows:

(a)

The bivane data model appeared to exaggerate the veri-

~ cal motions. - This might conceivably explain the occa-

sional large peaks found in the predicted potential

gradient records which épparently bore little relation
to the actual values. Presumably, it is the presence

of the ground which is inhibiting these vertical motions.

" (See Sec. 2.6.)

(b)

The discrete nature of the model resulted in, as had

already been suspected, quite imﬁortant features pre-

sent .in the actual plume being omitted entirely in the

(c)

(a)

computed version, . _ ' -

It was cléar_that vertical and crosswind diffusion must

have had a considerable effect on the charge distribu-

- tion even at distances .of a few tens of metres from

the source.

As expected, the bivane data model'was more accurate

at short distances downwind of the source,

Although the above are fairly harsh criticisms of the bivane

data model it should be pointed out that, at times, there was

little discrepancy between the actual and computed plume con=

figurations, and thus the effects causing the departures from

the predictions were not by any means always operative,

- 175 -



It should, of course,_be noted that the above‘comﬁents are
based on the detailed analysis of only a few runs and fhere-
fore any conclus1ons are inevitably tentatlve. Nevertheless.

in a flrst attempt at -understanding the dynamlcs of ion plumes

the'bivane method' would seem a simple and quite effective

approach,

83

Experlments with the Ion Collector

The use of an ion collector was considered at the inception
of this project but reasonably priced solid state amplifiers
of the type required were not then available. During the

later stages of the work such items did appear on the market -

' and an ion collector was constructed, The collector, which"

is deecribed in Sec., 4.5,, did not work as well as had been
hoped., Whilst the performance was quite satisfactory on the
less sensitive fange. a considerable amount of noise was pre-

sent. on the‘outout sigoal on the higher gain setting. Some

- efforts were made to cure this problem, but as the noise

--appeared to orlglnate from brush 1nterference in -the impeller .

'motor. little could be done w1thout completely rebulldlng the

instrument., f -

'In the field. the device was placed directly downwind of the ion

gsource, The mean wind direction was obtained from a light wind
vane mounted close to the ion source as before. A special metal

gantry of varlable height was constructed to support the ion -

' collector. The eollector-source distance was altered by moving

the gantry and collector as a single unit. _OGDEN.(196?) has

poinfed'out that such structures may disturb the  ion distribu-~"
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tion,bécause of electrode effects, . The alternative proposi-
tion, i.e. to construct the gantr& out of an insulating material, .
-seemed equally unsatisfactory as quite possibly non-conduc-
ting materials would become electrically charged and thus

- also disturb the ion'distribution.

The ion collector output was taken to a small mains;driven

. chart recorder. The mains supply was_obtained froﬁ the Group's
portable generator, 6onsiderable care béing needed when siting
the-létter. The exhaust.gases from the generator engine could
be quite highly ionized, aﬁd to avoid the possibility of any
interference -with thé'expériments, the AC generator was placed
well downwind of both ion é&urce and coliectof. ”

,/

The jon concentration, at least near the source, fluctuated
considerably with time at any particular point, The character
of these fluctuations was, of course, much the same as. those of
smoke concentration that would be measured near a smoke source
and ié a direct indication of the turbulent nature of the

wihd. However, if-ﬁean valﬁes of the ion concentratibnnare
taken over periods of éeveral minutes, then quite definite
trends can be discerned in the recorded data, ‘These results
are shown in Fig, 8.5. and-were obtained on a day when there
was little vertical motion and the ambient ion concentration at
_ various heights and disfances downwind of the ion source,
'Unfortunatély, insufficieni data was av;ilable to draw'coﬁcen-
tration isopleths But, by carefully inspecting the results, the

following somewhat tentative conclusions can be drawn,

Firstly, particularly very near the'ion source, it is evident

* that the ion plume width is mdch greater than that of a smoke
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plume in similar conditions, This is taken as direct evidence

of the electrostatic repulsion effect described in'Sec. 3.5.

Secbndly, the mean values at 5 m downwind suggest. that the
axis of the ion plume is tilted downward. In this case the .

' effect is attributed to image# forces,’

Thirdly, thé ion source produces considefably more negative
than positiye ions, some indibafion of this having already
been seen in the field mill records. It is. estimated that
when the ion geherétor was connected so as to produce nega-.
tive ions its output was about twice that obtained when set
to generate positive ions.

8.4

Experiments at longer distances from the ion source

This work was intended to be a preliminary study. The main
objective was to establish, at least approximately, ‘the
" characteristics of the electric field several hundred'metres

.downwind of the ion.source. In practice, a number of difficul-

~ 7 ties arose in the execution of ‘these long-range experiments,———-
Equipment had to be checked frequently to ensure it was working
‘satisfaétorily and as a result a great deal of time wés speﬁt
walking between the various items of apparatus., A;éo at large B
distances downwind of the ion source the correct placing"of a
field mill presenfed problems. It was necessary to observe the
wind vane, placed néar the ion generator, with powerful binocu-
lars and'considerab;e skill was needed to keep the image sfeédy
for a sufficient time. It is recommended that any future exberi
ments along these lines be carried oﬁﬁ by-ét least two persons,
..and that an efficient means of communication be provided between

themnm,
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It would be reasonable to expect the character of the potential
gradient.to be different, in several ways, from that nearer the
source, -Firstly, because of the longer distance of travel the
ion plume will be more diffuse and hence the potenfial gradient
fluctuations will be smailef. Secondly, at these longer distan-
ces any small scale variations in concentratibn will be 'smeared
out' by diffusion and therefore variations of potential gradient
will tend to be slower. 'In fact, it was thought that at three
or four hundred metres from the source the artificially pro-
duced variations would not be much larger than those occurring
naturaliy.' It was known that pollutants, even in low concentra-
. tions, could markedlylaffect the potential gradient and, as a
precaution, initial trials wére carried out at a site where -
pollution levels wefe'knéwn to be low. The site chosen was a
large flat-topped hill about 1 km north:bf Lanehead, County
Durham. Previous workérs.‘particularly SHARPLESS (1968), had
already established that pollution effects wéfe'mihimaliat-a
stétion in the villagé and thus at the site ifself one could be

certain that the air was clean, : -

In the initial work quahtities of negafive and positive charge
were released (separately) 300 m upwind of a field mill, On thg
'-éccasion chosen the wind speed was very low Being about 1 mS'7..
Several peéks (or troughs) having amplifudes'Betweén 60 and

200 Vm -7 were detected déwnwind'of-the source, the-larger'
variations being associated with the neéative ions, Also at
 this distance the general time scale of the potential:gradient

variations was much longer, as expected.

It was already known that the ‘ion source produced negative ions

more copiously than positive ions but negative ions were
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thought to be more numerous for an additional reason, At
large distances from the source the ion concentration levels

are, of course, :elatively low, Small concentrations of posi-

tive ions would serve to slightly enhance the natural potential

gradient, whereas similar concentratlons of negatlve 1ons
would dlmlnlsh the prevalllng value. If-the negative ion-
'concentratlon-were not large enough to reverse the natural
potentialfgrédient then a negafive lon cloud would be driven

upward by electrostatic forces., Nearer the ion source where

| negative ion concentration is larger the potential gradient

will be reversed and thus the ion cloud will move downward
under the action of image forces., For these reasons we may

expect the negative ions to remain airborne for longer periods,

" Further experiments were planned at the Lanehead site but were

abandoned for the following reason, - In order to save time

-and effort in placing the field mill and ion source the Land

Rover was often used as a means of transport. lost moorland -
reglons. and this site was no exceptlon, often possess exten~
_8sive boggy areas. Experlments were dlscontlnued when the. Land. .-
Rover was 1nadvertently driven.into such a waterlogged area,
cons1derable dlfflculty being encountered in freeing the
vehicle. In view of this a less ambltlous project was attemo-

ted at the Maiden Castle site.

7

- In these experiments,a slightly different approach was adopted

- as trouble had already been experienced with polluted air, The

hethod'consisted of cyclically switching the ion generator on

_and’ off thereby producing ‘packets' of ions which travelled

dowhwind. Potential gradients measured downwind of such a

pulsed source should therefore possess.a markedly periodic
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character and it was hoped this would enable the artificially

produced field variations to be readily'distinguished.

~Some results were obteined 140 m downwind of fhe ion source,
a typical section of the feeords be{ng shown in Fig. 8.6. .
The 'pulsed’ heture of the measured eoteﬁtial gradient is
evident in the diagram and, at fhis distance downwind, the

size of the variations is quite substantial,”

It was hoped initially té estimate a value for the ionic
recombination rate from the iong raﬁge potential gradient-
measurements, Howevef, as a result of the experimental diffi-
‘culties referred to earlier,'very little data was actually |
obtained and therefofe_eetimates of the recombination rate

were not feasible, Fufther,.it was felt that rather more
extensive experiments, both in terms of distance-and equipment,
would be necessary to obtain reliable information an this quan-
tity. Nevertheless, the results given above are interesting
beceuse-they clearly'indicate that e,significant fraction of
the ions generated, particularlyhif'negative, can peréiet'in

the lower atmosphere for at least 5 min.
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Chapter 9: CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

9.1 3 .

Summary of Important Results

The experimental results have, broadiy speaking. substan-
tiated the ideas about the behaviour of ion pluhes developed -
theoretically in Chs. 2 and 3. The central feature of these
ideaé was that with the_strength of ion source being used in
this project, ion movement and dispersion would largely be
determined by the pattern of tﬁe local.air'mofion.. Howevér;
two important exceptions to this statement were deduced
theoretically and later established experimentally, Firstly

in very light winds the electrostatic repulsion effect (see:

‘Sec., 3.5.) operating between the ions comprising the plume

caused a larger crosswind and vertical ‘spreading than did the

 éffects.of turbulence, Secondly, image charge effects, also

discussed in Sec. 3.5..'résulted in downward forces being

exeriedi on the ion plume, particularly when it was near the

~ ground,

K
#

Later experiments-With the-bia&re;¥i6na; vane enabled the
shapeiof the ion plume to be deduced theoretically, 1In this
way it was possible to compare the values of potential

gradient obtained by measurement with those arrived at by

‘computation, The plume model used in this reconstruction

took no_account of electrostatic forces; or indeed of cross-

wind and veftical diffusion, but nevertheless on most occa-¥ 
sions the agreement between predicted and measured potehtial
gradient values was good, These results also suggested that'

the'plume behaviour was determined by atmospheric motion and

»turbulénce except in low wind speeds or with low source heighfs.
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It would be unwise to 'quote any-hsrd-and fast r&les-about
when or when not small ion behaviour reflects the true charac-
ter of atmospheric turbulence. With wind speeds of 4 ms!

or greater and idn plume heights in excess of 10 m the effects
of electrostatic fqrces are small, df course, it must be
remeﬁbered-that these figufes apély'to an ion source of O.BFA
putpuf and these results should be amended accordingly when

sources of different strengths are under consideration (see

Sec. 3.54).

9.2 -
Impllcatlon of the Results ,

' _The importance of these results is ev1dent In all but

light winds and at the lowest levels the ion plume behaviouf
-is determined by the characterisfics of the local air motion,
Consequently, theﬁe would'sesm to be no reason-why small

ions could not be used as a traser in sméilyscale atmos-
‘'pheric diffusion experimenfs. The advantages of such a -
choice would be as follows. Ions are cheap and easy-to pro-
duce and have minimal physisiégical effects. The detection
of ions and measurement of ion csﬁcentration, either indirec-
tly by electric field methods'of.by the'more direct approach
using ion collectors, dseS(npﬁ require elsborate techniques,
The-response time of many conventional detectors to chéﬁges |
in csncentration whether_it-be sulphur dioxide or some other-
pollutant is -of ten relatively slow and the alternative of an
entirely electrical detection system offers the attractive

possibility of desighing rapid response instruments,

,Whikst the behaviour of ions within a hundred metres or so of

theisource has besn fairly well established, it should be
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pointed out that further downwind, recombination and .other
effects may be of major importance in determining the fate
of the ion plume, Thus it should be emphasised. that the
results of this project only indicate that the ﬁse-of ions
for short ranég_(i.e. up to 100 m) diffusion studies wqqi@u_m___
be feasible, ﬁefore longer raﬁgé investigations using the
method can be attempted, further research into ion plumes

is necessary, At larger distanées downwind particﬁlar care.

- should be taken to determine the nature of the ambient

variations, both of eléétric field and ion concentration,

9.3

ﬁi?figultieé with the Present System

Apart from one or two minor exceptions, the equipment
detailed in Chs, 4 and 5, functioned very satisfactorily in .
the field. One of the main ﬁroblems was caused b& the sheer
complexity of the system, On arrival at a site considerable
time was required to set out the field mills, attach. the
instrumeﬁts and ion source to the mast and connect up the
—————‘"——sampling-and.recording-Systems;“NOnce-operational-conditions—~~“
-were establiéhed, provided=n6 special circumstances arose,
the equipment could be relied upon to operate automatically;
Nevertheless, it was fhought prudent to make frequent chgcks'___
to ensure that each item of equipment was working correctly,
This was done as often as possible so that if a fault did
.afise minimum recording time wasilost.- The more advanced
experiments using the bivane and later the cine cameras werej'

even more complicated and were, at times, almost tob-much’to_

cope with single-handed.
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Turning now to the instruments tﬁemselves..séveral refine- .
ments and alterations can be suggested in the light of opera-
tionaL experience, Firstly, the omission of sign discrimina-
tion on the field mills should have been remedied at an early
stage. Some technical difficulties do exisf here but it is -
not thought they are insuperable.' In parficulaf. the bias
plate would need to be supplied with a highly stable, yet

ad justatle, DC voltage. With portable equipment,carrying
batteries of limited power,care. would be required iﬁ the
design of such -a voltage supply.system. Secondly, a higher
speed sampling system would have been advantageous, particularly
when taking bivane readings, This Would have. greatly facili-
‘tated the development of # more accurafe bivane data model,
Naturally, the response time of the field mills and other
instruments should be decréased in order to take full advan-

tage of the highér speed sampling.

Considerable difficulty was eXpérienced in accurately aligning:
the bivane, see Sec. 4.6, The procedure described in that
section to effect this alignment was both tedious anﬁ tiée
_consuming and a better method should be devised, It is felt
that the only really satisfactbry system would be to rigidly
attach the bivane and o#her instruménts to a fixed maét.

Apart from any improvements in accuracy a large amount of time

would be saved when setting out equipment for field work.

Recently considerable advances have been made in'integrated
circuit techniques and as a consequence the entire electronics:
Syétem could well be redesigned to take advaﬁtage of these
innovations, Two points #fe particularly worth noting. .

Firstly, very high input impedance amplifiers-are now available
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and these would aerve ideally as field mill anplifiers. This
is an attractlve poss1b111ty because the constructlon of 1arge
numbers of mills (e.g. for use in arrays) hav1ng standard per-
formance would now be feasible, Secondly, the appearance of

_ hlgh precision voltage to frequency and frequency to voltage
convertors could replace the existing transistor systems, _Ehéﬂf

l use of VHF radio links to replace the long cables between field
mllls and the ¢entral recording. system would also be of'greaf
assistance, (The reader's attention is.drawn to the fact that

a Post Office. Licence must be obtained before radio techniques

are used.)

tD

YA

Su ggest1ons for Future wOrk

tD

41

ggperlmental Work

- A number of points raised by the current investigation require

elucidation, These are now discussed,

The fate of fhe ions at large distances downwind of the source .

- 1is not clear but 1t appears to depend in a sens1t1ve manner on
the amblent small and large ion densities and also on the pre-
. vailing nucleus concentration, A logical extension of this
project weuld therefore be to place small and large ion collec-
fors.-together with nucleus counters, .downwind of the ion

source, In this way it should be poésible to establish the

behaviour of the ion plume reasonably conclusively,

A,method inQolving the use of a ground level collector plate”
might be used to assess the effect of image forces, Ions

arriving at the ground, by whatever cause, constitute a current
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and, provided-the ambient ionization were lom. the magnitude
of this.eurrent could be related to the effects of image-
forces, The ion concentration and electric field would also.
have to be measured 51mu1taneously but this would not pose :
any difficulties. Some arrangement would need to be made |
for d1Sp1acement current compensatlon and, with the large

and rapldly changlng electrlc fields that would inevitably

- . be present, this might present ‘'something of a problem,

- KASEMIR (1955) has developed a method of compensatlon which

mlght be suitable. ?

Measurements of the electric fieid at ground ievel have R
already provided very valuable information poncerning the
behaviour of ion plumes. Whilst the 'technique could be exten-
. ded by employing more fie;d mills at ground level it might be
mbrenproductive. certainly more interesting, to consider the
'possibility of total vector measurements nsing elevated.field
.mills. By measuring the three field components of the elec-
tric field a great deal more 1nformat10n could be obtalned,
particularly about plume movements in the vertical plane.
Some theoretical calculationsl'results of which are given in
Sec, 6.4,2,, indicate that near the ion plume very large hori-
zpntal electric fields would be present.. From the teehnical.

| standpoint considerable difficulties would arise in the design
and operation of elevated three component-field mills; never-
theless, it is net thought these problems are insurmountable.
IMIANITOV (1949) has reported a design for a device apparently

capable of measuring the three components of the electric field.

In the later stages of this.project. a techniqqe involéing the

comparison of computed ion plume configurations with those
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obtained directly by cine photographj of a smoke plume was
developed, Lack of time did not permit this method to be
properly exploited, The indications are that the photogra-

phic‘approach could be a very useful adjunct to the under-

standing of ion plume behaviour, - e P

8.4.2

Theoretical Work

There appear to be three areas where further theoretical

effort could usefully be directed,

The treatments of both image and repulsion forces, preéented

in Ch, 3, are, to say the leést. somewhat simplified and it

" is felt that considerable refinement-would(be most desirable,

A rigorous analytical approach to the'problem would be very

complex mathematically and possibly numerical techniques
ihvolving,the use of a digital computer might be a more

feasible alternative. In particular, the interaction of

electrostatic and turbulent effects has only been considered

"'verj superficially and further theoretical -work should be  ——

aimed.in this direction,

On a more préctical level the bivane data model, although

" capable of yieiding.good results, did‘possess a number of

faults. The effects of certain of these could be minimised

by a more sophisticated experimental arrangement whereas the.

remaining defects require modification of the computer model
for their elimination, As previously mentioned, a higher

sampling rate should greatly increase the accuracy of the

‘bivane data model as it would correspondingly decrease the

separation of the computed plume elements (see Sec. 3.4.).
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On the theoretical side incorporation of the effects of elec-
trostatlc forces and those of turbulent diffusion would: con-.
siderably enhance the realism of the model, In practice, con-
' siderable restriction might be placed on the researcher by the
limitations of. the comﬁuter. No dodbf, the speed of computers
will be further improved and the inclusion of these suggested
modifications would ultimately presentllittie difficulty. One
' might also be able to allow for certain more subtle features
of atmospheric turbulence., For instance, the bivane data
modelvderives its reéulfs frdm *Eulerian’, i.e. fixed point
measurements, whereas, of course, the ioﬁ plume travelling
downwind is essentlally in a 'Lagranglan' environment
Possibly, this feature may be catered for by the 1nclu51on of

the Lagranglan-Eulerlan time scale ratio in a later model,

sée PASQUILL (1961).

Finally, it should be remarked that as embloying fons as a
tracer does appear to be a potentially useful hethpd of
studying"short-range diffusion, sgdh an approach may_stimu-
late further theoretical investigations into turbulence by
revealing factors hitherto unsuspected from experiments

using more convéntional techniques,
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