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General Characteristics

The concern shown in the first lecture about the qualitative nature
of the airflow in the boundary layer is, in part, a reflection of the
importancec that there motions have in transporting and dispersing plumes of
pollutants leaving chimney stacks or other sources. Ultimately the question
must be:
“Given the sources, what is the best estimate we can make of the
concenirations (the long-term average values and their shorter-term
probability distributions) of the various pollutants at some
_gpecified receptor point given any required information about the
terrain and the meteorology ?". It would be necessary to know
certain details of the pollutants concerned: how much is being
emitied per unit time, whether or not tbey.a;e chemically reactive,
whether the plume is buoyant, heavy or passive, whether the material
iz toxic, radioactive or explosive, whether the pollution is affected

"py precipitation or not, and so on.

Clearly there are lois of difficult questions here and many of them will
have to be faced in the problem we have set ourrelves. In the meantime the
simplest situation will be considered, namely that of a passive; non-reactive,
conservative pollutant being continuously enitied at constant rate from an

elevated sourcce.

Obrerving a visible plume of this kinc one sees that normally

(a) the plume is carried uwayAdownwina

(b)  the plume meanders both in the vertical and acrosswind

(¢) the plume grows in size both in the vertical and the horizontal
with distance (it looks rather like a narrow distorted cone

with ite apex at the stack exit) and ultimately impinges on

the underlying ground.
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Sometimes the plume breaks up comple

eventually méy join up again as the indiv

tely into discrete puffs which

idual puffs grow larger and larger.

This break-up is more commonly observed with hot plumes, with plumes on warm

summer days or when the wind is causing s

the chimney stack itself. Thue an observ

(i) never be affected by the plume
in' the meteorology occurs.
(ii) be almost always in the plume
of the source
(iii) be affected by the plume in a

In thé last situation the record of

position with time may look like this

zl“‘

ome kind of resonance effect within

er at a fixed point may

until a significant change

if he is directly downwind

very intermittent way.

concentration at the observer's

A B

To find the effect of the pollutant on the receptor, the concentration may be

estimated by analysing a continuous sample of air over a certain time interval.

Clearly a very different picture would be obtained if that time interval were

AB or BC, valid though each may be for its own interval. To get a representative

average over a much longer time period, the interval should be at least AC: 3" not

very much longer.

The time over which we measure the concentration is called the sampling

time and it is clear that the answer we get depends in a very important way on

this time.




At any moment and at a given distance downwind x from the source the
plume will have a certain cross-wind dimension d. Measured some time later
the width may be d', and again latér d" and so on. Typically there may be

something like a four-fold variation in the various values of idd

Due to the meandering of the plume as a whole, which comes about because
of the larger eddies, the centre of the plume is constantly moving in the y-z
plane (y - acrosewind, z - vertical). The concentration and the plume width
averaged over many tens of minutes will reflect both the instantaneous width
distribution d and.the_extent of the plume meandering. The time average width

D is always as large as or larger than d.

Usually the ensemble-averaged concentration is nearly constant within the

inetantaneous plume, but varies in a nearly-Gaussian way within the time-

averaged plume : : c
AC instantanecus A
P!Ume‘ time-averaged
Co : Plumc
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Mathematically we could describ; the width in terms of the "total" width,

from where concentration C first becomes non-zero on the left of the plume to
: {

where it becomes just zero on the right. This might be adequate for the

instantaneous plume, but is unsatisfactory for the time-averaged plume because

of the long '"tails" present in this distribution.

It is normal to define the width in terms of a root-mean-equare width

defined mathematically as
IOO
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For the nearly square '"top-hat' distribution of the instantaneous plume wvhere

C(y) is a constant = C, within the, plume

4
c, § 4o
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The variation of concentration with y in the time-averaged plume can be found
very easily from mathematical tables giving the Gaussian or ''mormal

distribution.

Although the concentration within the plumes may approximate to these

: mathematical distributions in a statistical sense quite well, in practice the

distribution of the pollutant is often very patchy within a plume, as can be seen
by any observer. This is a very important property for pollutantsAeither with
an unpleasant odour or if they are explosive within certain concentration limits

(like natural gas). Unfortunately the theory of this patchiness is almost

non-existent.

Representation of Farticle Motion

It is clearly important to be able to estimate the concentration field
downwind from the source. Since the "par£icles" of pollution respond to the
turbulent fluctuations of the air, one m{éht suppose that the whole diffusive
process could be inferred in.statiéticai terﬁs by interpreting the fluctuations
of a suitably response vane and anemometer. Herein lies a difficulty. The
particles respond to eddies in a Lagrangian framework, wheréas the anemometer
and vanc are in an Eulerian frame, they are fixed in space. The respective
statistics are not in every respect identical. For example it is often the
case that Lagrangian fluctuations occur mofe slowly than Eulerian fluctuations_—

they have a longer time-scale
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This difference is in fact the most obvious one. Other differences are more

subtle and a casual glance will not reveal them.

(a) Statistics of turbulence

Various statistics can be defined.. All of them depend on the period

of time in which the turbulent velocities are observed or sampled.

The first is the mean velocity w (where w stands for any specified
turbulent velccity component). The second is the variance :;?1 ajjﬁﬁi
taken about the mean W .

In practice some degree of time averaging or smoothing is implied -
either consciously applied or implicit as a result of the finite

inertia of the measuring instruments.

Let us call the sampling time T and the averaging time t .

A third statistic is the time-scale T already referred to above.

U is best defined by the turbulent velocity correlation

]

function R(t):

_ W) Wisti)
R(t) =

where the turbulence is assumed to be sufficiently steady (in a

atatisfical sense) that R(t) does ﬁot depend on s, although it may
~ depend on the particular sampling period from.which the w’ are

derived. It is clear that R(o) = 1, and R(t) for large t

(assuming T is even larger) falls to nearly zero.
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The time-scale T is defined as the area under the correlation

curve i.e.

o0
T = [RM
0
Again, < 1is a function of T and ta

Now W and W’ have the same probability distribution whether the w’s
are measured in an Eulerian or Lagrangian frame provided the sampling
and averaging times are equal when normalised by their respective

time-scales.

" (b) Eulerian and Lagrangian time-scales

In an Eulerian frame, the time-scale clearly has something to do with
the time taken for the dominznt eddies to pass by the fixed point at
which the fluctuations are being measured; that is U < %ﬁL , where [

is the size of these eddies and ®w the mean wind speed.

On the other hand, in a Lagrangian frame it can be argued that T

represents the eddy life time and this is oCKV’ so that the ratio
/3

of the two time-scales P R 2- : $
b :

Since the dominant eddy size increases with increasing instability it
follows that P is not a constant but is smailest in unstable
conditions and largest in stable conditions. In near neutral

conditions F &l

Plume dispersion

Consider a source at the origin embedded in a uniform airstream velocity u.

We require the width of the plume at some point x downstream.
L e
< L
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The width can be parametrized by the r.m.s. particle displacement oy from the
axise. The individual particles a{rive at x having followed tortuous paths

from the source. The displacement of the particle from the axis z, equals

2. = N> E
P P u
where <HVZ, is the velocity of that particle meaned over the time %, .
Then (ﬂf= (wi, %} averaged over the whole ensemble of particles;
<IJS; is the variance of the velocities meaned or averaged in a

Lagrangian sense over time “7, and experienced or sampled over the total
time T of the release in an Eulerian sense. Using the concepts outlined
above, a Lagrangian averaging over time % is equivalent to an Bulerian
averaging over time [, - a%éu,. Thus if w(t) is the Eulerian experience of :.v
then

oz = L% =

W
TR

o

Height Variations

The above presupposes the turbulence is homogencous. In the atmospheric
boundary layer this it not true - especially in the firet one or {two kundred
metres. This can complicate the problem of predicting ‘c7 , although the
equation just derived may often be used to give a rough guide provided the
plume has not intercepted either the grouﬁd or the top of the mixing layer.
Generally the scales (both time and length scales) of vertical fluctuations
increase almost linearly for the first tenth of the boundary layer and over-
land reach m;xima some 3rd of the way up before declining again as the top is

approached.

Spectral VWeighting Functions

The magnitude of <(ow); = cen be derived from the full w-spectrum of
‘ml

turbulence by applying two similar weighting functions (or band-pass filters),

the first a low-pass filter representing the effect of averesging reducing the

S b



effect of the high-frequency eddies, the second a high-pass filter which
removes the negligible effect of the largest eddies in the fluctuations

taken over a finite sampling time. If %ﬁu approaches T then the cloud
becomes more like an individual large "puff" and the effect of alongwind

fluctuations can no longer be ignored.

Effect of Topography

It would be inappropriate in this introductory talk'to go into any
detail on this topic. In fact this is an area of current interest and research
and there is gtill a long way to go before a satisfactory understanding will be
reached. Suffice it to mention just a few general qualitative points
(i) turbulence levels tend to be higher in hilly terrain
resulting in more rapid dispersicn.
(ii) when steep slopes exist (greater than 1 in 3) flow
separation and recirculating airflow'régions often occur,
complicating enormously the prediction of concentrations.
(iii) stability is a crucial parameter in determining whether or
not an elevated plume will impinge on a hillside or try to
work its way round it.
(iv) in light wind conditions at night, gravitational flows
dominate the air motions.
(v) in the absence of separation é@dics and plumes may be
tgmporarily distorted by isolated topography without

dramatically changing the subsequent downwind distributions.

Dispersion in Unsiable convective conditions’

Ls we have alrcady noted in the first lecture, vertical turbulence,
at the larger scales, tends to become much more organised in convective
conditions. The picture (perhaps somewhat oversimplified) is one of

relatively strong and turbulent updraught regions which have high coherence
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through most of the depth of the mixing layer, and broader weakly turbulent

downflow regions in between. The capping inversion is often humped over the
updraught areas, and because of the resulting tightening of the wind and

temperature gradients there, dynamic instability may occur (either on the

scale of the inversion layer thickness, or on the scale of the humps themselves)

which results in entrainment of stable warm air aloft into the boundary layer.

Consequently the net heat flux may actually be downwards in this region.

Sometimes individual thermals break through the capping inversion and
come to rest in the stable air above, gradually weakening the stability there,
until a "quantum jump" in the depth of the boundary layer occurs incorporating
this newly weakened air above the inversion. Thus although eome pollution may
temporally be lost from the boundary layer, much is ultimately returned as the

depth grows.

Plumes within the boundary layer respond to- the organiscd behaviour of
up and downdraughts. Numerical and laboratory studies suggest that the height
of the maximwn concentration within a plume from an eievated source should
first slowly decrease under the action of £he general subsidence outside the
thermals until it reaches ground level and then should subscquently increase
as the plume gets advected into the strong updraught areas. Convincing

evidence of this behaviour in the real atmosphere has yet to be found.

Diepersion in stable conditions

When pdtential temperature increases with height and the flux of heat
is downwards, the air is stable and the amount of vertical turbulence is
relatively emall or virtually non-existent. Consequently in really staﬁle
conditions plumes often show little deepening and are subject only to slow
horizontal two-dimensional eddies which fan the plume out into rather thin

sheets.




Sometimes this lack of turbulence causes the wind'gradientn to tighten

to such a degree that dynamic instability occurs and a rather short burst of

vertical turbulence results which locally slackens the gradients, deepens

the stable boundary layer and mixes pollution through the vertical.

Long releases and svnoptic swinging

For releases of a pollutant over many hours or more, the plume is
affected by changes in wind direction. Whilst such changes may be thought
of as a manifestgtion_of meso~-scale or synoptic-scale eddies there is a case
for treatiﬁg them in a more heuristic mdnner, mainly because normal
meteorological observations are capable of describing them but also becaucse
they are secparated from the smaller-scale micrometeorological eddies by a
marked reduction in energy transfer in .a direct sense between the two scales
of eddies and sometimes an enefgy "gap" in the turbulence spectrum, so that there

is little direct dependence of one upon the other.

For releases over more than about 4 hours, the horizontal area affected
by the plume depends more on wind direction changes than on small-scale
turbulent lateral spreading. Statisticé can be given for the probability of
the wind turning through any specified angle in any specified time, and these
can be useful in predicting likely areas of risk should en accident occur

around a potentially hazardous source at some time in the future

Problems arising from airborne pollution

(i) At short range (O - 10 km)

Sources of pollution are often situated in urban areas and stfict control
has to be applied to ensure the concentrations of ﬁotentially demaging pollutants
are kept within acceptable limits for the great majority of the time and pose no
significant threat to human health and property. This may ihvolve careful

eiting of the soufce, suitable cleansing systems operating on the waste gases,

and releasing the effluent from sufficiently high chimneys.

e



(ii) At medium rance (10 - 100km)

The plumes will disperse to {ill,the mixing layer within this range and
although the resulting ground-level concentrations will often be significantly
less than at short range there still exists a potential risk to agriculture
(including market gardening and forestry). Uptake of hazardous pollutants
by sensitive receptors may be as much by an indirect route through deposition
onto the ground and uptake by the plants roots, as by direct uptake from the
air by the leaves. The effect of hills, valleys and coastlines are important
and may determine optimum siting of new indusirial sources.

Visibility is often adversely affected within this range through the action cof

hygroscopic aerosols.

(iii) At continental scale (100-2000Km)

' Air concentrétions ere usually by now very small and potential damage
occurs almost entirely thrcugh surface deposition - either by so-called
"dry-deposition', the uptake by absorption, sedimention or impaction, or

by "wet-deposition" when pollution is removed from the atmosphere by
precipitation. 'The risk of damage to the environment now depends critically
on other factors such as soil time, precipitation run-off characteristics etc.
For example, fish-kill in freshwater lakes and rivers in Scandinavia occurs
because of the poor buffering capacity of fhe local soils in spite of

depositions relatively small compared to those in central Europe.

(iv) At plobal scale ( > 2000 Km)

Atomic bomb debris with mixed half-life radionuclides pose potential
threats to the world population everywhere. Other pollutants such as
carbon dioxide and nitrogen oxides may modify the detailed structure of the

atmosphere and cause global-scale warming (thereby affecting climate and

sgriculture) or permit greater penetration of ultra-violet rays from the
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sun to the ground with a resulting increase in skin cancers etc. Emphasis

»

 must be rlaced on the word '"may" however: no proof of either of these

effects has yet been forthcoming, but vigilance znd continuous monitoring

~ is clearly highly desirable.

tmospheric Diffusion" (2nd Bdition) by F Pasquill  E11

is Horwood.
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a" by R A Dobbins
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[ Uoualty & Glat dopt h 2 2150, ] | i Tome of
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and for a Swrface mﬁw\m %fﬁ of . 10 Cmns .

For xomple , Suppere Ue want h at % = 4 lem dwm.nnd
Hccmem%% Hq 2, % (4k) & 100m.

.pmkmmo.ePwad:«@e_.,&-sw
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ie. v P= XS, @z - (Dem . ¢ = 4 km
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PLuMe Rise FormuLA

et Q = energy generation capocily of a pover stakion
(in meﬁa,waﬁs)

Qu‘ woste heot flouing ouwt of the stoek (in MW)
Roughly Q,, = -'.iQ

Now bg definition Q, = Pep i (Ts-T,) x 10 °

where - p densily of aur
p Specific heet of Constamt pressure }FCP~ 21

Vv, = v‘ol.ume_ flux  of gases ‘.wm‘ng the stack
The stack often has 2 Flue pipes each of
cdramelic o, & 6 melres, ond The efFlune
Veloely Vs is- often bt 16 ms™! Sfor
o I0V0 MW stotum, .

Thus v: =z 9 4 E‘%lx Ve = 900

for Q=1000 MW ,
Ts is the temperalire of the stack gases

Ta, b - a;ll‘
Usv.aud for pouer statrons ‘TS-T“ % 100°K
For such a pover station .

QH = 1290 x Q0O x 100 x IO-‘-.-.- né MW

There have bem a greal number of Plumg Tise formulas
derived.. They often lovle veny different. Numencally, Tre
best are not So cifferent .

In T U.S.A. the fomulae due b G. Bﬂgas owe fovewred. .

hoEUk. K -fau.mns formula, by D2 D.I.Moore of CERL.
is oftem used : o




Moore's formula

Plume ris-e Ah s given bg:

' Y
Ah::z.zs@"" o "' ( [,4_274“5% 3 §ﬁ¢xm]
H y*\ o

where

ac*
% = U%Ta o5 - 120 u¥
Q(TS"Ta) : Jao®

%y = Min (4224, 1920 4+ 19.0h, )
d = flue Pipe diameber
Ve = efflux velecits (ms™)

Taz air temp (°k) .
= temp. of stack gases (°K)
= 9-81 , acceleration due to gravily
= Wind Speed. of stacle "\mlg.’«\t (ms™')
stock ke&gu: (m)
max [0.2, U] (ms™)
AD = increase in potenlial temp of 0wt over 100m
" .t%Pel ‘E‘e * 3 = 3 + o.qgo
Ae*- rMax [AG 0.08] |
‘\* = Mln[hs>n°]
£ = 0.16 + 0.007 h*
ov = L if &P 5 p.002s
UZ

& v Cw g
x v
8 i

T/ = max ( R-T.)
3%

("
(ocg+ 2¢2) (e D
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Example

Suppose Vg = 16 ms Ta = 15°% = 288°
Q, = 116 MW iy
he = 1SOm U

= 388° .. T’'zi00

e 5 ms
0BG = 058" .. £214

Then UL¥= 5§ , AO": 08 5 h'= 120 , T'= 100

X, = 4224

Ag = 848.5

xmz: 23.5

x, = 8319 ond, =™ = 639.5

Calculale plume vise ab 2¢ = 1000 melres douwninnd, .

2726+ 1-5x 335 | S gxad 5‘1

Hemee Al =225« ué « 6315 x X« ('00) (s+
o

639.5

= 199 melies

633.s* [/




