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Abstract

This thesis examines the role of atmospheric diSpersién theéry
in the context of air pollution problems. Popular models describing
the dispersion of gases emitted from chimneys are only applicable for
a limited range of weather situations i.e. near neutral, steady wind,
conditions. Even for these occasions, the models to date, preclude
fine judgements on the controllable parameters ( i.e. chimney height
etc. ) influencing ground level concentrations (GLCs) of pollution,
The models are inappropriate im light winds, The effect of light winds
in relation to other winds on calculations of long term maximum GLCs
is investigated. ' |

For any proposed installation, decisions on chimney height and
locaiion must be made to avoid or reduce the frequency of occurrence
of the worst pollution episodes., At Aughton these are identified from
an investigation of local winds and their associated dispersion charact~
eristics, These potentially worst occasions occur when often no disper-
sion: model is appropriate and decisions on chimney height and location
may be made from an understanding of the particular mechanisms of
dispersion operating at these times., Gross statistics of wind and weather
may disguise the more detailed information needed in these studies
and are of limited value. Recourse to experimental field work for )
particular cases may not only be desirable but necessary. A field study
at Oldham into the behaviour of airflow around an unusual topographical
feature called 0ldham LEdge, enables the identification of those weather
situations when potential pollution problems may arise from an
incinerator to. be built nearby, Simple smoke tracer and photographic
techniques are employed and prove quite successful,

A model of plume behaviour in convective conditions is presented,
incorporating plume depletion by thermanls and environmental subsidence,
Maximum GLCs may be higher or lower than those calculated for a neutral

atmosphere deﬁending on the type of convection,
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CHAPTER 1. Limitations of the Theories on the Dispersion of

Passive and Buoyant Chimney Plumes

1.1 Theories on dispersion of passive chimney plumes

The quest for an air pollution model which will predict ground
level concentrations (GLCs) of pollution has been actively pursuéd
for several decades. The idea is that once a model is developed
then the controllable parameters affecting GLCs i.e. chimney height,
rate of emission of pollutant, plant location etec., can be specified
in such a wéy that given aif quality criteria may be met. The
fundamental problem was thgt of describing the behaviour of gases
from simple point sources, over "short" periods of time. From this
simple case more complicéted formulations for area sources, or longer
sampling times may be compounded by suitable time or space integration.
One of the first attempts at the problem were those of Bosanquet
and Pearson (1936) and later Sutton (1947). Here the emphasié was
on deriving a formuls applicable to chimney gases emitted passively
into a turbulent airstream. The ensuing formulae, which have found
popuiarity over the years, were either theoretically or semi empirically
based on the then current ideas of atmospheric diffusion processes.
Bosanquef's formulation was derived from K-theory which describes the
mixing mechanisms in an identical fashion to that of molecular diffusion.
The flux of material was assumed pfoporﬁional to the gradient of the
quantity being'diffused, the constant of proportionality being the
eddy diffusivity XK. From the conservation of mass the diffusion

equation with C = concentration of pollutant is

DC/DE = —div(Kgde)“ | (1)
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There are strong theoretical objections to this approach. it'
‘ implies that tﬁe scale of the mixing mechanisms must be smaller than
the dimension of the cloud of péliﬁtant, and that the turbulent
transfer is determined by the local value of C . This is not true
for the atmosphere where visual evidence of meandering plumes
demonstrates that the mixing mechanisms are mﬁéh greater than the
plume itself, and is certainly inapplicable for thermal convective
conditions where the eddies are much larger than the plume. At best
it is only applicable at lgrge distances from the source where the
eddies will be much smaller than the plume's dimensions.

" Measurements showed that K varied with distance of travel,
the scale of the diffusing process and stability of the atmosphere —
so K was a-totaily variable constant. It is not a property of the
£luid as e.g. the molecular conductivity, but depends on the particular
motion of the atmosphere at that time, and the amount of material
being diffused. The first two revelations showed there exists a
wide range of eddy scales and that the most effective eddy size for
diffusing the cloud at any moment is of the order of the cloud itself.
The third observation showed that the mixing mechanisms differed
greatly éccording to the major transfer modes operating at the time -
mechanical turbulence and buoyant convection are examples of this.
The result was that attempts were made ﬁo find a range of values of K
applicable for all weather situations and scales of mixing. To find
K it was assgmed that K for matter was the same as K for
momentum (Kﬁ) . K by definition is the constant of proportionality
between the stress and velocity gradient near the ground. With buoyant
convection the eddies themselves are thé large buoyant thermals. They
transfer heat much mére efficiently than momentum. Any association

of pollutant sources with good thermal sources could result in values
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of K or Kh (the value of K for heat transfer) two orders of
magnitude greater than K (Scorer 1969). The appropriate value
of K may depend on this relationéhip‘critically. A model of plume
behaviour for a non preferential distribution of thermals is developed
in Chapter 5.

Bosanquet and Pearson (1936) developed a fbrmula by taking K, 62z
(neight above ground), and wind speed constant, Sutton's f?rmula
contains paramefers which must be assigned values from measurements
of the wind velocity gradient and again takes K = Km . The Sutton.
parameter varies with K for the reasons given before and even till
this day active research is still going on to determine the appropriate
value of K for different locations. Values of K can always be
found and théir differences related to the variety of weather situations.
Their interpretatidn however according to Equn. 1.1 will be fallacious
for almost all occasions. Any justification of the formulae on
theoretical grounds cannot be made. They succeeded in demonsﬁrating
however the importance of chimney height on GLCs - a result which could
just have easily been derived from simpler considerations.

The diffusion equation approach is appealing because Equn. (1.1) -
would give the complete concentration distribution if K could be
specified. This has been superceeded in later'years by a more
cmpirical approach. It is assumed that the important parameters to
be specified are the spreading coefficients, lateral and vertical -
over which some realistic concentration distribution can be superimposed.
Estimates of the spread are made from experimental or theoretical work.
Here no direct assumptions are made of the mixing processes and so it
is not always open to the same theoretical objections as K-theory.

The only restfictions are that the continuity of mass equation must be

satisfied. A popular equation assuming a Gaussian distribution of
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plume material and complete reflection at the ground gives

~$200 ~(2-h)20 -2+ h)’/w;)

(.(X,j.z) =20?_0‘361 € e -+ € (1.2)

where x 1is distance downwind from the source, y distance across-
wind, 2z height above ground, U wind speed,-'h chimney height,
and oy,oz the lateral and vertical standard dev}ations of plume
material. Q 1is the rate of emission of pollutant. To conserve
material at the ground an image source directly beneath the real
source at z = -h is included in equn. (1.2).

" The usefulness and limitations of equn; (1.2) are now considered.
Its applicability to a wide range of weather situations and the success

with which the various parameters contained within it can be

estimated, are discussed.

1.2 Limitations of a popular formula for describing dispersion of

passive chimney plumes

Values of o, and o vary with atmospheric stability and time
of travel and it is not possible to find a simple expression suitable
for all occasions. Expressions‘for certain weather situations over
specified distances are sometimes made, e.g. assuming homogeneous
turbulence Taylor (1921) showed that oy ¢t near the source and
oy,oct% at larger distances. From his statistical theory of
turbulence it’has'been suggested that values of the spread could be
obtained from the turbulence energy spectrum. With homogeneous
turbulence and given the energy spectrum F(n) , where n is frequency
of turbulent fluctuations, then for a sampling period T (equivalent

to the period over which GLCs are to be averaged or to the duration of
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release of the gases) and for time of travel T , the variance of

the spread of particles i8S given by

o7 - u { ol (1- %0 - wln

—
t

Here u 2 1s the total variance of the veloéity fluctuations,
and ;iE(T) is the variance of the velocity fluctuations experienced
by particles as they travel downwind, calculated over periods of
record of length Tt , and averaged over time intervals T .  Hence
if measurements of the veloeity fluctuations of individual particles
i.e. Lagrangian velocity fluctuations, could be made then estimates
of the spread cqﬁld be found directly. Unfortunately these are
extremely difficult to obtain. Ways of relating the Lagrangian
velocity fluctuations of a single particle to the velocity fluctuations
at a fixed point (Eulerian velocity fluctuations) have been tackled
by amongst others Pasquill(1962). He suggests an eﬁpirical relation—
ship but even then measurements of turbulence structure are not taken
as a matter of meteorological routine, and so practical use of
equn. (1.3) is limited.  Also because equn. (1.3) applies- for
homogeneous turbulence it is only applicable either well away from the
surface of for lateral diffusion alone. Different vorticity fields
can produce the same F(n) although the transfer mechanisms may
differ significantly e.g. mechanically or buoyancy induced turbuleﬁce.
Direct applicéfion of equn. (1.3) by determination of F(n) suffers
from the drawback that F(n) changes as the weather changes and so
needs to be specified for every occasion. Whilst this might be
possible for certain well defined situations it would then essentially

develop into the type of procedure adopted by Pasquill (1961), discussed’
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later. The restriction to a homogeneous field of turbulence make§
its application - even well away f%om the ground - to unstable or
stable conditions inappropriate for éstimates of g, Where it
might be most useful i.e. in determining cy , even for these cases
it needs careful interpretation. Firstly it assumes that the
sampling time T is greater than the time of travel T . If it
iiggrf then the appropriate analytic procedurg should be thaF
concerned with the relative expansion of puffs or clusters of plume
material. Secqndly the horizontal turbulence spectrum is unbounded.

e

So ci(T) refers to spreading about a moving mean. To experience
the concentration in equn. (1.2) with 05 =‘;§(T) one would need to
sample at different points moving with the "mean" wind direction
over averaging times T , and then take the average of such values.
Alternatively one could sample for many occasions of period T at’
a fized point whenever the "mean" wind blew towards the sampler and
then take the average of these values. Hence given ZE(T) and
equn. (1.2) a potential user of the model would need to realise that
standing under the plume for a period of time T would not fesult in
the concentration C given by equn. (1.2). He would expe?ience a
varying concentration and one which would not be repeatable over the.
next identical period. Equn. (1.2) could not be related to any
given threshold GLC specified for the period T . Many attempts to
deduce a formula for GLC against averaging time adopt equn. (1.3) for
substitution in equn. (1.2) having assumed some form for F(n) (see
Ogura (l959))l The interpretation of such GLCs would need to také
the form discussed above.

The difficulties involved in the analytical.procedures have led

to simplified schemes where values of ¢ as functions of distance

downwind for various stabilities have been presented in graphical form



for example,Pasquill (1961). The estimates are based on
experimental and theoretical studies but must be treated with reserve
for various reasons. Most of the estimates are based on measurements
within 1 Km of the source for passive emissions near the ground.
Hence they are not applicable at greater heights say for ﬁaller
chimneys and hot sourceg. The estimates for stable and unstablé
conditions are highly speculative. For these oceasions and for
distances greater than 1 XKm from the source évén for neutral con-
ditions the estimates are presented as broken curves - probably only
good guesses. For hot sources expanding under their own buoyancy
the appropriate values of ¢ from the graphs necessary to match up
with the plume's radius will often correspond to distances within
this speculative range. Although these objections may be overruled
by pleading the inadequacy of the data the implication is that all is
solved once these measurements have been found. It remains a con-
tentious point that the parameters conform to the generally acéepted
interpretation of spread (at least for unstable conditions) and that
then the procedure through equn. (1.2) is valid. Extremes of
atmospheric stability are invariably associated with light winds,
when the variability of the wind will make equn. (1.2) inappropriate
as it essentially applies to steady conditionms. Further, under
convective conditions although large values of o, are often quoted
in the literature, the implied use of equn. (1.2) needs careful
consideration. Environmentai subsidence as well as eddy diffusion may
be an importa;t mechanism for bringing the plume down to the ground
and plume depletion by thermals must be considered. Plumes emitted
near a hot spot favourable for the formation of thermals may hardly
ever reach the ground. In very stable conditions crosswind shear

may contribute greatly to the lateral spread of the plume and the
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Gaussian plume shape is certain to be upset. Plumes from elevated
sources may never reach the ground for these occasions.

For all atmospheric stabilities equn. (1.2) predicts that for a
passive plume C becomes very large as the wind decreases. Obviously
the concentration cannot exceed that at chimney exit. With very light
winds, wind direction will be highly variable and equn. (1.2) becomes
redundant. In reality all chimney emissionS'arelnon passive. Even
for a non-buoyant plume gases are emitted with an upward veloecity,
and will initially behave as a vertical jet, entraining £he ambient
air until such a time that its physical properties become indistinguish-
able from its environment. In light winds the jet stage may eﬁtend up
to several chimney heights, the gases eventually making a pall over
a large area above the chimney. GLCs could be high at thesgltimes
in neutral or unstable conditions because the wind is light and
dilution poor. ~Equn. (1.2) could then only claim a qualitative
description at best.

Equn. (1.2) does not predict shorter period "peak" GLCs. or the
variations within the moving average discussed previously for the
unbounded horizontal turbulence spectrum. The "peak" refers to the
higher GLCs evident on any sampling trace. As suggested above these
will be caused by more elemental plume clusters or puffs — the
trajectofies of which, and their.relative expansion, needing a
separate analysis. Such attempts have been made by Gifford (1959)
and Davidson (1957) who built up steady plume models from these:ﬁore
elemental strﬁétures. Whilst these would theoretically extend the
predictive procedure for higher concentrations on the con;entration
frequency distribution curves they ultimately must all be subjectéd to
the same general considerations as the steady continuous model i.e.

the turbulence characteristics for describing puff expansion and



_9_.

trajectory would need to be specified beforehand. It may be that’
the peak GLCs are the most important from the air pollution point of
view, or that GLCs over certain time intervals are critical. The
steady plume model is only mathematically convenient and of course
does not suggest that GLCs derived from it are the most important
ones. .

Obviously equn. (1.2) cannot handle transient phenomena like
fumigations. This occurs during some mornings when solar heating
destabilises the nighttime ground based inversions. High level
plumes trapbed within the iﬁversion during the night are suddenly
brought down to the ground when the mixing layer reaches them.

Equn. (1.2) is confined to situations of simple topography. Prominent
topographical features which could alter the free stream flow and
modify turbulence structure could only be dealt with through wind
tunnel or full scale experiments.

The shortcomings of equn. (1.2) need not be serious provided
those occasions for which it is correct are the most important from
the air pollution point of view — i.e. indifferent atmospheres moderate
to strong winds. Apart from the fact that this is often not the case,
it is for these ?ery occasions when estimates of the other stack
parameter in equn. (1.2), effective stack height, remains poor.
Effective stack height is the physical chimney height plus the rise

due to the buoyancy of the gases.

1.3 Dispersion of hot chimney plumes

The theories discussed above drew attention to the importance of
stack height in reducing GLCs. The exact relationship of maximum
GLCs as a function of distance downwind and chimney height depends

on the functional forms of oy and g, - If they do not differ then
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it is simple to show that maximum GLC, Cmax is given by -

(; _ 2Q ) Or.- o
mex = @O 0'3 ‘ - (1.4)

Here H is the stack height plus plume rise and GZ/Gy .is‘
independant of x .

For passive plumes the plume rise is small and H=+h , the
physical stack height. For buoyant plumes the plume rise may be
considerable and GLCs will be much reduced. Consequently much
theoretical and observational work has been done to prediect and
measure it.

Several theories have been proposed for given weather cénditions.
They differ according to the assumﬁtions made about the mixing
mechanisms, the role of the wind, the termination of the rise and
the behaviour of the plume. They all simplify the meteorological
situations and topographical aspects because the.theoretical problem
is so severe in real life and thej only claim to deal successfully
with a limited range of situations. It is not possible to develop
one singlé formula applicable to all conditions because each weather
situation or plume configﬁration determines a unique physical system
in which the mixing proceéées produce a particular mode of dispersion.
Hence numerous formﬁlae«need to be developed e.g. buoyant/Jjet plumes
in turbulent/smooth winds, for neutral/stable/unstable atmospheres
efc. It is probably for this reason that dispersion of passive
plumes led to the simple graphical procedures of Pasquill,the
analytical effort being abandoned for a more empirical scheme around
which modifications could be maae as the science developed. | The
analytic approach for hot plumes is still vigorously pursued however,

partly because to a large extent the hot gases determine their own
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rate of mixing independent of the atmospheric conditions. Hence a
unified theory applicable at least for the initial plume trajectory
is to be expected. The later devéloément of the plume must be
influenced by the ambient conditions. It is then that more recent
theories begin to diverge seriously even for the simpler environments,
The success of any plume rise formuls depéhds on its experimental
verification and this entails a selection of the data forAthose
experiments in which conditions are almost the séme as those for
which the formula was derived. Each plume rise formula contains
implicitly or otherwise certain pérameters which describe the mixing
rates and which have to be assigned values, usually obtainable from
experimental work. Thus 1t is not impossible to make two different
formulae agree with a single set of‘data, and this is done. Because
the aséumptions in the theories are simplifications of the real life
situation it is possible to reject certain dats where obvioﬁs disparity
exists on the grounds that certain unaccountable influences oufside
the theory make the data unsuitable for comparisons. The choice is
of course limitless, and the scope for selection large. It seems
always possible to find some extraneous factor to explain disparities.-
By thelsame token data may be made to fit the formula when in fact .
it is not appropriate. The scatter in the data is usually interpreted
as a scatter in the éssignable parameters ,— their variability from
location to location being explained by local terrain differences
affecting the air flow and mixing characteristics. Where these
differences are large then the correct value of the parameter can only
be found from a full experimental investigation. The whole exercise
then reduces to nothing less than actually measuring the plume itself
which makes the formula redundant. Further, because the theoretical

problems are tractable for the simpler occasions this has tended to
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focus attention on them. This is unfortunate as it might suggesf to
a casual observer a falée relationship between the volume of research
and the worst pollution problems.'" fhe debate has then centred
around the proper value of a certain parameter in a formula which
might only be useful in limited circumstances rather than the
question of what are the types of situation wﬁich will produce the
worst pollution.

It is the philosophy that only direct measurements of this complex
problem can produce practical results that has led to a plethora of Chen b
empirical formulae. Most try to fit the data to a form such as
Ah = kQE/Un where Ah is the plume rise and Q, the heat content
of the gases -~ k , m , n to be assigned values. It implies that
these are the most important parameters determing the rise from hot
" sources. The constant k must necessarily incorporate the effect
of atmospheric turbulence and location differences, and so will be
expected to vary from site to site. This drawback is coupled with
the problem that extrapolation outside the range of values for which
measurements are made is hazardous. The formulae seem to vary with
the data analysed. Often this is because many measurements are
taken before the plume's rise has terminated. Apart frﬁm under-
estimating the rise it can produce meaningless results when the data
taken at different distances at various plants are combined. There
are also many incidental correlations. It has been conjectured that
plumes from‘taller and wider chimneys rise higher because they are
emitted into less turbulent air and are more likely to remain a
continuous entity. Generally the larger stacks produce the greater
heat output and so too high a dependance on Qh may result.

To illustrate some of the difficulties and confusion table (1.1)

has been drawn up. It presents some of the more popular theoretical
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models, their differences and adaptions. It gives plume trajectorﬁps
in a wind for turbulent neutral conditions. Plume rise is generally
divided into 2 or 3 stages. In tﬂé first stége mixing is produced
solely by the hot turbulent plume itself. Later, when the gases are
sufficiently diluted mixing becomes dominated by the eddies in the
atmosphere. Within each stage the theories differ according to the -
assumptions madg about plume configuration and. mixing rates. — All

theories assume conservation of heat, mass and momentum. -

TABLE (1.1)

Some plume rise theories

1st Phase 2nd Phase 3rd Phase

Priestley (1956) | Displaced verti- | K-diffusion.

Adapted by Lucas | cal plume Finite asymptotic
Moore Spurr(1963) - t3/1+ rise
. kt
r«€e
k oK
Bosanguet (1957) Continuously bending over plume Rise terminated
Vertical plume Large t when t = 200 secs
small t . K-diffusion (arbitrary)
r 0(3133/Ll ret '
Korw. oorU
Scorer (1959) Bent over Rise terminated
A.S.M.E. adapted | cylindrical when
similar formula thermal. W = w' = AU
Smith (1968) r q:t2/3
Briggs (1969) " Diffusion by Rise terminated
inertial subrange at distance x = 10h
of eddies or at
. cCt3/2 xocQﬁ/shB’/S
K = K(r,e)
.Slawson and " "o Constant K
Csanady (1967) 3

ract§

Nomenclature r plume radius, t time, x distance downwind, K (or k)
eddy diffusivity, w plumes vertical velocity, w' atmospheric eddy
veloeity, A constant, ¢ energy dissipation rate, h physical stack

height, Qh heat content of gases.
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Priestley (1956) extends the similarity results of the vertical
buoyant plume and applies them to a plume in a crosswind. The

3/b

similarity laws remain the same i.e. _r oot and the wind is
assumed to do little more than displace the vertical column sideways
without upsetting the plume geometry. The wind affects the spreading
only through elongating the downwind dimensions of_horizontal plﬁme
slices. Bosanquet (1957) appeals to mixing length ideas and derives
values of X ocUr for atmospheric dilution and "K o« wr for the
self induced mixing. The first phase is almost identical to
Priestley's. lLater developments, e.g. Scorer (1959), likened the
plume to a cylindrical thermal and invoking similarity assumptions
obtained = «}t2/3 . This idea has gained popularity and treatments
now diverge for the second phase. Briggs (1969), suggests that
then the important eddies for diluting the instantaneous plume are
those of the order of the plume width or less and so in the inertial
subrange of eddies. Following Batchelor (1950) he derives

dr/dt ocsl/3rl/3

from'dimensional analysis, Csanady suggests a
third phase in which the plume's dimension becomes much larger than
the atmospheric eddies and assumes a Fickian type of diffusionm.
Priestley also appeals to K~theory and obtains rapid mixing producing -
a finite asymptotic rise. The remaining formulae all predict
infinite rise or (fof the case of Briggs) continued rise at great
distances, and some way of terminating the trajectory must be devised.
Scorer suggests that the rise should terminate when the upward
velocity of fhe plume equals the environmental eddy velocity. At
such a point the plume may be expected to become fragmented losing
any résidual buoyancy very quickly through rapid dilution. The

formula for final rise involves a high dependence on A viz A

which can vary over an enormous range. From here there can be as
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much debate on choosing the appropriate value for A as there can
be in terminating the rise by other means. Bosanquet and Briggs

terminate rise after a given time ((t ) and distance respectively.

1
Part of the reasoning leading both research workers to this conclusion
seems to be that the appropriate effective chimney height for
calculating maximum GLCs in that above the poiﬁf of maximum GLC.

This supposes we know the position of Cmax beforehand which defeats
the purpose of calculating plume rise. Anyway, if the buoyant plume
is still rising above this point yet is in contacf with the ground
then we should know what its radius is and be able to calculate GLCs
from assuming a concentration profile. Otherwise, if the buoyant
plume has not reached the ground but other agents are operating to
dilute the plume sufficiently to enable it to do so (i.e. larger

eddies causing plume meandering) then we have to admit that the

buoyant plume behaviour up to this point according to the theory

needs modifying to incorporate this secondary feature. The termina-—
tion of plume rise at essentially arbitrary times and distances

makes it possible to fit say Bosanquet's formula to any measurements

on plume rise at great enough distances from the stack. A note by
Macey (1970) on the T.V.A. data demonstrateé this. With plume rise
terminated at 200 secs. he notes that Bosanquet's formula overestimates
the rise at low winds (<5m§—l)i5ut-gives a much better fit for stronger -
winds. By terminating rise at 150 secs. he finds the overall agreement

is much better and suggests that this will interest industry (who

presumably design chimneys with +t. = 200 secs.). Further he shows

1
that for U = 20 ft/sec. the agreement is excellent and fortuitously

this happens to be the average wind speel in Britain(used in designing 73{_;

chimneys?), A discussion on the extent to which plume models can help

chimney designers and the concept of the use of average wind speeds
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for design purposes will be presented later. Here the point is

that the debate is focussing on ‘the "correct" value of t. . Macey

1
highlights some of the disparities between theory and observation

and questions the validity of the data by noticing that at one

plant plume rises at 3.6 ms_l were no greater than at 9.4 and

8.1 ms_l . The implications of this may be fa% reaching. Low
winds and low plume rise could produce high GLCs. .Surely it is of
greater interest to understand the reasons for this behaviour before
deciding it. is an inadequacy of the measuring system, especially if
future installations of a not dissimilar nature are to be built..

A summary of plume rise data has been presented by Briggs (1969).
Plume trajectories according to the bent over plume model are given
in the form (z/zi = C(x/l?,)e/3 where, C 1is constant, and
L a;G%/U3 . The results indicated that the value of C varies
from plant to plant sometimes by a factor of 2 and that the final
plume rise has not yet been observed - there is no apparent levelling
off of the plumes. The variations in C were explained through
differences in mixing rates at the sites and by deflection of plume
streamlines caused by terrain irregularities. A further selection
of the data when the greater deviations were removed naturally gave
better results — i.e. less scatter. A value of C was then
recommended with the proviso t;at differences up to +10% may be
expected for flat terrain and +40% with larger terrain inequalities.
There are severai difficulties for potential plume risé formula users
'here.Slawsonet.gl(l967knd Bringfelt (1969) both found that plumes
did not appear to appfoach the asymptotic rise suggested by Briggs
but continued to rise with constant speed in neutral conditions.

Hence Brigg's formula is probably too conservative and the C value is

then questionable. Also the explanations of the larger deviations from
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the mean were not obvious in the sense that plume data was
probably initially collected on the understanding that there was
nothing unusual about the sites in. question and they would correspond
to "typical" locations. A potential plume rise formula user would
need first to examine whether or not his particular installation
would be subjected to those effects outlined above. This would not
be easy and would need a considerable research effort.

The plume trajectory remains a contentious point. This is
actively.pursued by the C.E.G.B. who, through an adaption and
modification of Priestley's theory suggest that plume rise
Ah = aQi/h/U . They emphasise that this formula is really onl&
applicable to larger installations from which it was empirically
derived. The value of a (a constant) was found to vary by
location and Lucas (1967) suggested it is a function of chimney
height. The idea is that higher emissions are released into less
turbulent air and so gases will rise higher. It is interesting to
note that this relationship (see Hamilton (1967)) was derived from
data at Harwell, Earley, Cobalt, Northfleet, Castle Donington,

Tilbury and Duisberg. Having corrected Northfleet for streamline
deflection and rejecting the Duisberg data there does exist a systematic
change of a with stack height. Briggs in his analysis, rejected
some of the Harwell data, the Cobalt and Northfleet measurements in

his selected comparisons, but was able to reconcile the Duisberg data.
Hamilton (1967).argued that the small chimney diamgter at Duisberg
would tend to;split the plume into discrete lumps and redﬁce its rise.
The point here is that although both models probably aérée reasonably
well at least for the larger sources the deviations from the ﬁodels

are explained differently.
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1.4 The aims of this thesis

The limitations of the formulae discussed in this chapter need
not be serious provided those occaSioﬁs for which atmospheric-diffuéion
can be modelled (as e.g. in equn. (1.2)) are most important from the
air pollution point of view. This would be for occasions of moderate
to strong winds and indifferent atmospheres. Apart from the faét
that this is often not the case, it is for these very situations when
estimates of the other parametef in equn. (1.2), final plume rise,
remains speculative. Where the diffusion formulae become unreliable,
in stable cénditions, final.plume rise theoretically exists and has
been observed.

Chapter 2 examines the success of the models in helping chimney
designers determine the height of stacks for those occasions when it
78 possible to use a model. The investigation explores the value of
the various hypotheses put forward for establishing the criteria
for determining chimney heights. Chapter 1 has discussed occasions
when the models become uﬁreliable and so it is of interest to examine
how important these occasions are in relation to others. This is
don¢ by calculating long term max GLCs making_grossly different
assumptions about plume behaviour in light winds. The primary design
considerations for chimneys in locations where these oécasions of
light winds and extremes of stdbility are frequent, have first to be
made of course. This 1s the purfose éf Chapter 3 where an investigation
of the dispersion characteristics of a particular location is presented,
and potential pollution problems discussed. It demonstrates the type
of procedures appropriate for determining stack height and location
when recourse to a pollution model is ﬁqt possible.

The confinement of the models to situations of uncomplicated

terrain belies the fact that many air pollution problems arise as.a
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result of the interaction of local weather and unusual local
topography. | In Chapter b an investigation is presented into the
effect of a topographical feature on the dispersion of gases from
a chimney nearby. The importance of the interaction of local
weather and topography is demonstrated and forms the basis for
recomnendations on chimney height. .

In Chapter 5 a model of plume behéviour in convective conditions
is presented. The model represents a departure from conventional
analyses by examining the consequences of particular types of con-
vection in which environmenfal subsidence as well as atmospheric
diffusion may be responsible for bringing the chimney gases down to
the ground. The model demonstrates that GLCs may be greater or less
than those calculated for a neutral enviromment depending on the type
of convection, and it serves to demonstrate the value of a general
theory for dispersion in these conditions.

An appendix 1s attached in which an actual study of the
potential pollution problems of a proposed aluminium refinery are
investigated.

Firstly, in Chapter 2 the limitations of sampling networks are
"discussed with regards to providing a definitive model of plume
behaviour, even for windy neutral coﬁditions. This is important
because it demonstrates the fundamental problem of obtaining &
complete picture of plume behaviour froﬁ ground level observations
alone. It is suggested that the sﬁccess claimed by many plume models
in providing £esults which appear well supported by ground level
observationé may be over exaggerated.

In summary then this thesis examines the limitations and role
of dispersion models for the pracfical purposes of avoiding potential

air pollution problems. Dispersion models play a role but they
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must be seen as only one part of a total investigation in which a
study of local weather, topography and potentially worst pollution

problems is of prime importance.
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CHAPTER 2. Plume models and problems associated with. interpretation

of field data, chimney design, and light winds,

2.1 Plume models and interpretation of field data

S

It is clear that gslpf/fo date no clear formula has been
established for plume rise 1f only because it ;ppears that the final
plume trajectory has yet to be measured. With this in mind it is
of interest to examine the consequences of this on the interpretation
of ground level measurements made around a source. Most surveys
concentrate oﬁ megsuring plume concentrations at the ground. This
is because it is simpler than taking comprehensive measurements at
other elevations and because GLCs are usually the most important
from air pollutioﬁ/considerations. At best a comprehensive set of
measurements may be obtained giving the total distribution at the
ground for various weather situations. Of a more limited nature
information concerning only the maximum GLC and its position from the
source is obtained. When available inferences concerning the lateral
spread of the plume are made from measurements at the ground assuming
lateral diffusion is independent of height.

To incorporate these measurements into a full thrée dimensional
model of plume behaviour for further predictive effort; it is then
necessary to make assumptions ébout the vertical spread of the plume
and the plume rise. Measurements on the former variable v, are
rarely made in practice due to technical difficulties. " Plume rise
is either deduced from one of the available formulae or measured
directly. However as noted above these measurements have still not
established a final plume trajectory and so in many cases may give a
conservative estimate of fhe final rise. Unfortunately either g,
or plume rise must be established if a predictive model is to be

constructed from ground level measurements alone.
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Suppose the only information available is maximum GLC,
Cmax , the position of maximum GLC X ax and effective chimney
height H , (stack hgight plus pluﬁé rise). Assuming power law
expressions for spread then -

with oy = ax® g, = bx® m ,n.,a, b constant, for given

meteorological conditions

MR -1 ~(men)/2n :
UTl'Cmaxxma: = Q(Qb) c (2.1)

for a Gaussian distribution of plume material and total reflection
at the ground. Cmax and X ax depend then primarily on U
through the plume rise.
Innumerable values of m and n will satisfy equn. (2.1) given
Cmax and Xiax Even with complete information on the ground

level distribution (C(x,y)) , either H or o, must be known.

For supposing

~¢26 ~Hol204
e e X

C(x, ) =
I tnoya,

gives the actual distribution with H = HO and o0y = T,0 * then it
may be possible to choose new variables 0.1 and Hl »in such a way

that the same ground level distribution is still observed by taking —

o -Hi2oR o -Hi /205
O(%) e = 0z,(x) € S (2.2)

With s = /2on(X)/HO and t = /20zl(x)/Hl then equn. (2.2)

becomes

* /s*
{'.C'lt = (HO/HI)Se‘ : (2.3)
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Overestimating the plume rise gives HO/H1 < 1 and although it is
then not possible to find values of t to satisfy equn. (2.3)

for all values of s (or distances f?om the chimney) it may be
possible to find values up to and beyond the point of maximum GLC.
For example if it is assumed that ozo(x)oc x% then provided

(x) can be found to satisfy

1
equn. (2.3) from the chimney to beyond the point of maximum GLC.

1> HO/Hl > 0.64 a function o,

All distances above should actually refer to distances measured from
virtual origins upwind of the actual chimney. This is because the
self induced buoyant mixing of hot plumes causes a greater expansion
of the plume than could be realised by atmospheric diffusion alone.
Hence when the hot plume becomes essentiallyrpassive at some

distance downwind “the virtual origin of the chimmney, or that point
from where a passive plume would have had to originate from in order
to obtain the same plume radius of the hot plume, would be upwind

of the stack. Underestimating plume rise implies a reduced vertical
expansion (oz(x)) to obtain the same distribution at the ground.
The larger plume rise would require a larger vertical spread but

this may partly be accomplished by the greater buoyant plume expansion-.
This has the effect of moving the virtual origin further upwind and
would not require drastically different assumptions concernihg'the
rate of spread from thosevdeduced as a result of underestimating the
rise. This implies that large differences in plume rise do not
require comparably large differences in dz(i) .

As a specific example it is worth considering the results
obtained from a series of measurements that have been made by the
C.E.G.B. around two power stations at Northfleet and Tilbury. The
results obtained are well documented and in particular those

presented by Moore (1974b)and Moore (1969) will be used here.
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Figs (2.1),(2.2)show measﬁrements of the maximum 1 hourly GLé
observed at both stations against winq speed under slightly stable
and unstable conditions. For windé below 5 ms—l the measurements
begin to diverge according to the stability grouping, indicéting that
for the stronger winds the influence of stability is reduced. 1In
the lighter winds plume trapping within and beiow the inversion layer
above the mixing layer becomes important and is reflected in the
higher values of Cmax for unstable conditions. The remarks that
follow apply only to winds of 5 ms_l or stronger where stability
effects are expected to be less significant.

" Also shown on figs (2.1) and (2.2) are the maximum GLCs predicted

from the formula

-

C - 2@ . Oz
max enmUH? 03 (2.4)

Equn. (2.4) implies
(i) A Gaussian distribution of plume material
(ii) Complete plume reflection at the ground
(iii) (oz/oy) "is independent of distance downwind.
Equn. (2.4) will be termed the classical equation.
H is the actual stack height (h) plus the plume rise (Ah) , and

Ah  was calculated from the Lugﬁs (1967) formula

| o |
Ah=°(Qh4/U (m) o= 415+2(h-100) (5.5

.Qh is the heat content of the gases in megaﬁatts. The length unit
is the metre.

It is observed that with (oz/oy) =1/2 (inferred from 1 hourly
turbuience measurements) that equn. (2.4) overestimates max GLCs in

the moderate wind speed range and shows signs of underestimating at
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the higher wind speeds. One feature worth noting is that equn. (2.4)
predicts an absolﬁte maximum value of Cmax as a function of wind )
speed, which from figs (2.1) and (2.2) can be seen to have been
calculated as occurring Within'the range of wind speeds for which
Cmax has been obtained. However there does not appear to be any
such trend appgréﬁt in the observations. In moderate to strong winds
max GLCs are seen to increase steadily with wind épeed.

In view of this it was suggested by Mooré (1972 )that the
assumption (iii) is invalid. Observations indicated that the lateral
spread cyv was approximately linear with distance from the chimney

and so it was hypothesised that a better fit to the data could be

afforded by taking
(5&(}<) CX; X ! _ (2.6)

This implies diffusion with a constant eddy diffusivity. It
is really only applicable when the diffusing agents or eddies are
much smaller than the dimensions of the plume itself and therefore
holds only at large distances from the source. Certaiﬁly near the
source atmospheric eddies of plume dimension and greater must be

present and theoretical considerations suggest that here

Gz(X) C£ X (2.7)

However %ith equn. (2.6) Cmax o 1/UH3 and by taking approPriafe
values of the constants of proportionality it was found that the data
can be adequately represented by this formula.

The preference of equn. (2.7) to (2.6) would favour the form

for Cmax given by equn. (2.4). The poor data fit could then be
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explained by suggesting that for moderate wind speeds the plume rise
given by equn. (2.5) underestimates the actual plume rise and for
the very strongest winds it overestimates 1it.

Equn. (2.5) was developed in part from observations reported by
Hamilton (1967) of both chimney plumes. Most of the measurements
of the Northfleet plume were made around 1800 m downwind and the
Tilbury plume was measured at only 400 m downwind. The full plume
rise at Tilbury was obtained by extrapolation described in Lucas
Moore and Spurr (1963).

Assuming equn. (2.4) represents the data, then with cz/cy = 1/2 ,
values of plume rise neceésary to produce perfect fit with the data
are shown in figs (2.3) and (2.4) along with the rise given by
Moore (19745). . Plume .rise for slightly stable and unstable conditions
are shown. For the Northfleet plume a chimney height of 120 m
instead of the physical height of 150 m was taken in accordance
with the observations made by Hamilton (1967) that the plume was
deflected downwards because the airstream passed oﬁer a 30m ridge
upwind of the plant. |

For the stronger winds plume rise is assumed overestimated at
Northfleet (and at Tilbury for slightly stable conditions only). The
data presented by Hamilton (1967) for Northfleet for the very strongest
winds do not favour either plume rise estimate when one considers the
degree of scatter involved. At lighter winds plume rise is assumed
underestimated at béth plants. The disparaties in plume rise at
Tilbury between unstable and slightly stable conditions have been
noticed by Moore (1974 4)). He noted that for slightly stable
conditions plume rise was élmqst reduced by half at Tilbury and he
attributed this to the wake effect of the power station buildings

entraining the lower edge of the plume. For very stable and
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neutral/unstable airstreams the rise was not reduced, because the
wake effect is reduced. Even so Moore (1974b)decided to ignore
this effect, arguing this must only affect a small part of the plume;
The lower rise at both stations with a wind speed of 5 ms_-l in
unstable conditions may be due to greater turbulence. However
plume behaviour in these conditions is complicated and discouragés
simple explanations.

Moore (1974b)also presents data on the disténce of maximum
GLC and on oy(x) in Moore (1969). Measurements indicated that
oy(x)oc x and so if equn. (2.4) is correct then we must have
oZ(X)OC:c. The classical model will now be tested to examine its
success in determining the lateral spread at the ground — this being
the only independent test of the model. To do this account must be
taken of the hot plume trajectory and buoyant plume expansion in
establishing the virtual o?igin of the gases. Moore (197a) presents
an empirical formula for the plume trajectory deduced from data from
several plants including the Northfleet and Tilbury data, and it
will be used here.

He tested the following formula for plume trajectory
00>/ (P *. 0 */,H & 2\
Z(xX) = th /U 9 X =1, XX (( X0 )+ X) y

0 = (R AHO/((Rr AT A" +0T)™ (o)

v

where if A8 is the envirommental increase of potential temperature

per 100 m -of height then

AB" - A i AR A»B,-
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and Ae* - A8, if AB < AB,
HJI:h \'f h<H Qnd H*= Hi if h> H,

Here 2z 1is height above top of chimney, 9 is heat content of
gases in megawatts. The length scale is the metre, time seconds.
He found best fit with

= 0.16 , A, =120 ,

a=0.25,b=1,c=0.75,A =16, A 5

0 1
— O -
A8, = 0.08°K , H =120m
and
A = 2.4 for 36/3z/U° > 0.0025 x 10 © or h > 120 m
and
. 2 -20,, —3 2
A =24 (0.16+0.007Th) for h < 120 m and 36/9z2/U° < 0.0025 x 10 “"Cm “g .

/b 3/4

So near the chimney x* =x and zd Qi /U and at large

distances the plume asymptotically reaches a finite height.
Classical theory gives the point of max GLC (xmax) for passive

plume‘dispe?sion where
Gz(xmax) = H/JZ (2.9)

If Gz = aox s Ay independant of x , then a, can be found
from equn. (2.9) if X ax is known. However the buoyant plume:
expands initially at a rate greater than would be possible from
environmental diffusion alone ;Ad so x must be measured from a
virtual origin upwind of the plume. Measurements of the vertical
spread of plumes ét about 1.2 Km downwind - approximaéely the
distance where the self induced buoyant mixing terminates ~ showed
that o, was about one half of the plume rise, assuming a Gaussian

distribution of material (Moore 19T4b), ~Hence at distance x

downwind of the stack -
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O4(x) = Oo(Xx-1200) + Z(X=1200)/2 (m) (2.10)

with 2z(x=1200) given by equn. (2.8). Hence from equn. (2.9) we

have —
0o = ( H[#z - 2(x=1200)/2)/( Xmax - 1200) (2.11)

Where plume rise terminates nearer than 1200 m from the chimney,

at say x =x_, then it is assumed that oz(xt) = z(xt)/2 and that -

0o = ( H[AZ -z (%)/2)/ (Xmax - X¢)

If passive plume expansion is theﬁ shown to produce a greater
rate of spread than buocyant plume expansion i.e. the virtual origin
is downwind, then the virtual and real source origins are taken to
coincide exactly.

A cﬁmparison of measurements of lateral spread (Moore (L969))
with the estimates from classical theory and from the estimates
recommended by Moore (197 Lb)are shown in figs (2.5) -  (2.8).

The classical theory assumes that oy(x) = QGZ(X) with o;(x) given
from equn. (2.10). Moore suggests cy(xv) = 0.08(T/U)%xv(m)

and Xy is distancg measured from a virtual origin, computed in a
manner similar to that presented here.

The measurements were presented as the average spread over a
1 hour sampliﬁg period at various distances downwind assuming a
Gaussian distribution of plume material. The data were grouped intol
3 wind speed classes and into various ranges of maximum GLC. The
two higher wind speed ranges U4-8 — s >8 ns Tt of average wind

speeds 6ms © and 1l ms © are presented here, The scatter within
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each speed range must reflect changes in stability and wind speed
within the categories chosén.

At Northfleet both theoretical egtimates agree reasonably well
with each other and with the data. For lighter winds spread is
probably over estimated and for stronger winds underestimated,
although actual estimates of the spread deduced from the samplerg
may have been too conservative in lighter winds.

At Tilbury the spread predicted by classical theory agrees
reasonably well with the data. The differences in the spread for
unstable and slightly stablé conditions for the stronger winds
reflects the assumed plume rise differences from fig. (2.3). Moore's
curves fig. (2.6) slightly underestimate the spread for the stronger
winds. -

Moore suggests that cy(x) decreases as wind speed increases
and figs. (2.9) and (2.10) show plots of day/dx against wind speed. -
For the classical model day/dx = 2ao and Moore assumes
dcy/dx = 0.08(7/U)% . At both stations c¢lassical theory again
predicts a reduction of spread with wind speed. Both estimates agree
closely at Northfleet but at Tilbury classical theory predicts a
higher rate of spread. At Tilbury the data supports neither one
theory . or the other conclusively. The higher rate of spread predicted
by classical theory over that observed at Northfleet might possibly
be due to the closer proximity of the gfound and interference from the
power station puildings which have also been reported to affect the.
plume rise in/slightly stable conditions. | Classical theory also
predicts here that the vertical spread decreases with windspeed because
o, = ay/2 . Near the source it can be shown theoretically that

az(x)oCiJ: (for homogeneous turbulence) and the above result implies

that 1 , the intensity of turbulence, should decrease as wind speed
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increases — a result consistent with turbulence measurements made
elsewhere. To lend further credence to these results values of CZ
(where o, = szo'75 ) evaluated froh'ﬁeasurements taken within
power station plumes at Chatanooga (Gatrell et al (1964)) show CZ
decreasing as wind spéed increases.

Tt is not suggested here that the classical model along witﬁ
alternative plume rise and vertical spreading estimates gives the
plume dispersion model, All that is being demoﬂétrated 1s that the
same resultscan be obtained using different hypotheses and that this
leads to conclusions which are not unreasonable or inconsiétent.
with other data. The exercise demonstrates in a simple way that
even with a cgrefully prepared sampling network at ground level the
data produced ;;‘étill not sufficient in establishing a definitive
model of plume behaviour without supporting information on the
vertical distribution of plume material. If the vertical distribu—-
tion at the point of maximum GLC could be obtained this would go a
iong way in settling the vexed questions of plume rise and'vertigal
spread. One must therefore remain wary of the claimed success of

air pollution models which appear well supported by ground level

obhservations.

2.2 Plume models and chimﬁey design

The frustration of chimney desighers was recognised early.
Best (1957) noted that although some of the plume rise formulae
differed seriously at the same wind speed the absolute maximum GLC
(Cerit) did not vary too badly. In equn. (2.4) H is equal to
chimney height plus plume rise and so Cmax is then a function of
wind speed. Conéequently there exists an absolute maximum value

of Cmax with respect to wind speed found by differentiating equn. (2.4).
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This value of Cmax (Ccrit) and the corresponding wind speed Ucrit
vary according to the dependence of plume rise on wind speed (v) .°
Most formulae present rise as dependent on an inverse power ‘i.e.

Ah O UP yhere p can vary from less than 1 up to 3 . Briggs
(1969) and Lucas (1967) take p =1 . Scorer (1959), Sutton (1950)
and ASME (1968) suggest p = 3 . Best argued that Ccrit was the
important GLC and that all chimney designers should aim to keep it
below given threshold limits. This idea however does not seem
satisfactory or practical for several reasons.

Higher GLCs may occur for occasions of fumigation, vigorous
convection, plume trapping below elevated inversions, and otheré.l
The frequency of occurrence of such episodes may be comparable with
the frequency of occurrence of the wind speed Ucrit. So stacks
built to the Ccrit criteria may not alleviate the worst problems.
Even if Ucrit does produce the worst GLCs it may prove impractical
to bﬁild the very large stacks necessary to offset what may well bé
a relatively infrequent episode. The governing factor may rest
with the good management of the qperations at the factory rather
than freak values of Ucrit . Although the actual values of Cecrit
may tolerably agree for different plume rise formulae (as noted by
Best) the sensitivity of stack height to Cerit makes this result
less useful. Briggs (1968) demonstrated that the minimum stack
heights required to keep critical GLCs below certain levels may vary
by a factor of 3 (of the order of the chimney height %tself)
depending on the plume rise formulé. From equn. (2.4) variations
in (cz/c&) may produce even higher GLCs at Ucrit , and so a maximum’
value of (Uz/dy) must therefore be assigned.

This last point was recognised by Brummage (1968). He further

noted that plume rise itself may vary even at the critical wind speed



and, with high values of (oz/Gy) and unusually low plume rises,
GLCs much higher than Ccrit may on occasion be attained. His
attempt to devise a scheme for deriving stack heights from the
classical plume model took these factors into account. He noted
that designing stacks to alleviate the very worst occasion i.e. for
the lowest plume rises with high (oz/oy) at U = Ucrit , would -
entail building enormously high chimneys. Because the frequency

of such coincidental events would be very low he.suégested that some
éort of compromise was needed. He therefore recommended that stack
heights should be computed according to the Cerit criteria by
assgming average value of oz/oy and plume rise, and then they'sﬁould
be multiplied by a safety factor of two to allow for variations in
these average values. This he suggested, would ensure that GLCs for
most occasions would be kept below threshold limits. This practice
of determining chimney heights from frequency distributions of
GLCsJis more practical than relying on one fixed value. His scheme
however doesn't solve the problem of calculating GLCs for all those
occasions not covered by the formulae, and for which no formulae can
be produced. Also because the scheme is tied to the formula format
the results depend on which formula is used - a point diécussed
later. It is interesting to note that in the end his scheme
recommended stack heights which were nothing more than a compromise
between existing practices i.e. those of V.D.I. (1963) and the Alkali
Inspectorate.  Any justification of the scheme on these grounds

must be viewed with caution. There are hundreds of wa&s of working
back to get the Alkali Inspectorate's rules by varying the tolerability
criteria or the formulae. One way could claim as much justification
as any other. There could however be no guarantee that the new

procedures would be successful when extrapolating outside the U.K.
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experience. For example Halliday (1967) remarks that in parts of’
South Africa stacks are designed to stay clear of the surface layer
where strong temperature gradients can develop. It was his
experience that this reduces GLCs for wany occasions.
Similarly the Alkali Inspectorate design stacks in accordance with
what was found tolerable in the past and do not rely on any formﬁlae. "
The case for the plume formulae was voiced by Nonhebel (1960)
when he states that "engineers prefer to build chimneys from a
formula rather than by guesswork because of heavy cost factors".
This oversiﬁplifies the proﬁlem and implies that there are formulae
available to cover all situations. Alternative procedures for
deciding on chimney heights other than using formulae need not Ee
based on guesswork but on practical experience and on the particular
circumstances of the case. Even if there are occasions when formulae
can bé produced they would be disputed. This is discussed next
where two different formulae are used to calculate GLCs from which
decisions on plant design must be made. This represents an actual
case and illustrates the problems of would be formulae users. It
points to the question of what should be the role of formulae at
the present time.

Fig. (2-11)shows percentage freéuency histégrams of maximum
3 minute GLCs calculated for a .plant with a 150 foot chimﬁey
hs~3

emitting 550 1b/hr . SO, and with a buoyancy flux F = 7500 ft

2
Here F = (gApV)/pm where g 1is acceleration due to gravity, Ap

is the density difference between the ambient air and .stack gases at
exit, V is the volume flow rate of gases and p the density of
air.  The calculations were made using two different plume rise
models and wind data from éhawbury (1962-TL). The GLCs refer to

the 3 minute maximum values occurring anywhere within two 30°
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sectors centred on the plant for all occasions when the wind was
blowing into them. Sector I experiences the highest percentage of
stronger ,.winds and Sector II-the highest percentage of winds

below 6 knots (50%). 'The calculations were made using equn. (2.4)

with (oz/oy) =1. The plume rise formulae chosen were

o model Ahd = 242 F?»I‘Sh'a.[‘i/u (;t) Bfiggs (1969) (2.12)

8 model Ahp = 259 F/XUB (—ft) Scorer (1959) (2.13)

- The origins of these formulae have been discussed in Chapter 1.
Here A has been taken as 1/10 (see Table (1.1)). From table (1.1)
it is probable that X ¢ intensity of turbulence , and probably
varies with wind speed, height of emission etc. Withi A = 1/10
the nﬁmerical constant in equn. (2.13) is equal to 259 . The
literature indicates that values between 150 and 40O have been
offered before. The only reason that X = 1/10 is proposed here
is that it represents a formula in popular use that has been
recommended before, and may be right for certain cases. Likewise
equn. (2.12) represents a typical vt type of formula.

The ratio of critical GLCs at Ucrit is 1.7 , and
Uerit = 25 fts T R UcritB = 40 fts T .  The lower plume rise
at U =varit from the B8 model where AhP = 0.2h , might be

expected to produce much higher GLCs than the o model where

Ah, =h at U =Ucrit . However this is offset by the higher value
of UcritB causing greater dilution. This tolerable agreement was
noticed by Best (1957) in discussing similar formulae. However at

the same wind speed
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ohe/Bhy =~ (F/R)
and this becomes very large at low Wind speeds. The divergence of
the formulae using equn..(2.4) is shown in fig. ( 2.12). The average
time weighted wind speeds for the two sectors are 26 and 16 ft/sgc.
The differences in fig. (2.11) are due to the Shape of the curves in .
fig. (2.12). The high dependence of plume rise on wind speed in the
g-model ensureé that large variations in GLCs may occur for relatively
small raﬁges of wind speed. The flatter maximum of the a-model
means that for a high percentage of the time GICs near to the absoclute
max’ Ccrita are observed.

A few observations on fig. (2.11) reveal that for this case
(i) If maximum GLCs are intolerable at the critical wind speed for
the o-model they will be intolerable for most occasions.

(ii) This may not be true for the B-model. e.g. if sector II is a
sensitive area and if GLCs > 200 pgnm m_3 are deemed unacceptable

for a high percentage of the time the B-model may suggest that the
150 foot chimney is all right. The a-model could suggest otherwise.
(iii) For the a-model "average" GLCs and critical GILCs coincide.
"Average" means here the time-weighted average 3 minupe max. GLCs.
Hence measures to reduce one, reduce the other.

(iv) This is not so for the g-model. In fact this "average" GLC
occurs for almost the least amount of time because of the dish-shaped
frequency histogram.

Either one of the formulae could be correct or for that matter
neither of them. One might argue that a smaller value of A for
higher winds is prefered but the essential differences outlined above
would still remain. The resemblance of the B-model to the shape of

the curves in figs.(2.1,2.2) (neglecting plume trapping episodes in
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']ightwinds) suggests it could represent the data reasonably well.
However, considering the size of the plant and the smaller chimney
here it would be highly speculative to plump for either formula.
Following on from remarks (iii) and (iv) above let us examine
the consequences of some alternative philosophies on stack design.
The criticisms raised when concentrating on "average' rather than
worst GLCs lose force when and if it can be shown that higher GLCs
produced by other weather types are so infrequent as to be of little
consequence or that concentrations at these times aré not in fact
higher than in "normal" weather situstions. Brummage (1968)
appealed to this second argument, thaﬁ is essentially keeping to
equn. (2.4) but allowing for variations within it. Bosanquet (1957)
seemed to favour the philosophy of.the plume model in average
conditions as giving a useful indication of the most frequent (if
not most harmful) pollution expected.  Certainly GLCs in "average"
weather must be proved satisfactory before looking at other situations.
However it does not follow that then stack design for these cpnditions
alone will ensure a high degree of safety. Nonhebel (1960) applied
thié idea. He chose to use Bosanquet's plume model and Sutton's
(1947) diffusion formula to calculate GLCs. He suggested using the
average wind speed appropriate to the location and Sutton's average
dispersion category. The idea is that the average wind speed produces
the most commonly experienced GICs. To test this hypothesis consider
fig.(2.11) and sector I for the R—model. The maximum 3 minute GLC
at the time weighted average wind speed for this sector‘is about
310 pgm m_3 . However GLCs within the range 50-350 ugm m_3 océur for
almost the same amount of time. Clearly then the average wind does

not produce the most frequently observed range of GICs. It would be

imprudent then to build a chimney in accordance with a GLC that was



- 4 -~

seldom observed. Obviously the form of the qistribution curve does
not lend itself to a description of a mean 3 minute max. GLC except
in the sense that one could say "standing under the plume at the point
of max. GLC on every occasion will éive you an average 3 minute max.
GLC of 221 ugm m—3". (This is the average referfed to in remarks
(iii) and (iv).) However this would have to be qualified by adding
that this concentration would hardly ever be experienced! 'This is
not the case for the o—model where the quivalent average GLC would
be 215 ugm m—3 for sector I. This GLC would be experienced most of
the time. No solace can be gained by noticing that these two GLCs
differ by less than 3% of each other because the effect of the two
distributions would be totally different e.g. as measured by the
number of complaints causéd by discomfort whenever the 3 minute maximum
value exceeded a c;rtain value. For the B-model it might prove more
meaningful to build stacks according to the most frequently observed
GLC. However it would not be wise to build too small a chimney
just because there exists a high frequency of very low GLCs.

The foregoing discussions point to the limitations of tﬁe
formulae in being able to provide fine judgements on stack design
even for the simpler environments, no matter what criteria is used
e.g. Cerit or average GLCs. For practical purposes it is thought
that provided estimates within a factor of 2 can be made then the
formula is successful. It is usually deémed necessary to leave a
fairly safe margin between given critical air quality standards and
estimated GLCs ffom proposed installations because of the inherent
complexities of the atmospheric diffusion processes. Hence an
estimate within a factor of 2 would then prove satisfactory. Certainly
for borderline cases where estimated GLCs are. of thé order of given

critical threshold values anything other than drastic modifications to
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stack design or pollutant emission would be less than satisfactory.
It appears that equn. (2.4) will provide estimates of max GILCs in
some cases within a factor of 2 for windy conditions. This is seen,
for example, infigs .2¢,2s2 where the classical model provides good
estimates irrespective of the plume rise equations investigated.
Fig(2.12) illustrates however that very large disparities méy
arise especially for lighter winds. Bearing in mind the remarks made
above it may be that this is not all that important. In the spirit
of these remarks one could say that taking the results of both

models as a whole then provided critical threshold limits are well
above the 200-400 ngnm m—3 range the 150 foot stack will probably be
satisfactory for windy neutral conditions at least. Plume
behaviour, especially pluﬁe rise, in light steady winds for an
unbounaed neutral atmosphere remains unknown. Assuming fhat for
these occasions max éLCs lie somewhere between the o and B models
then the conclusions on stack design reached above may be extended to
these cases., However these conditions are not our only concern.
Light winds are rarely steady and stable layers will be found at

some height. Light winds are also associated-with extremes of
atmospheric stability and these factors along with other weather
situations must be considered when constructing histograms of GLCs
before deciding on chimney heights. The task is impossible because
of the theoretical difficulties involved. In‘Chapter 3 we outline

some of the primary considerations when designing and positioning a

stack for a location where light winds, night time radiation inversions

and other associated phenomena are common. Suppose however we are
satisfied that the chimney is positioned and designed to overcome mosﬁ
of these problems. Tt is -then .of interest to examine the .
relative importance of 1light winds by looking ét the con-

sequences of making different assumptions about plume behaviour for

e
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these occasions on calculations of GLCs for all occasions.  This
will be done by calculating long term GLCs. This integrates the
frequency histograms and is a useful indicator of the importance

of light winds. Also in section 2.3 we shall examine the possibility
of using the average wind speed for calculating long term GLCs and
the efrors involved. Before doing this the influencé of elevated
inversions is discussed especially with regard to buoyant plume
behaviour in light winds. .

The plume rise formulae given above diverge most seriously in
light winds. Even so, plume rise for all formulae in an unbounded
atmosphere becomes large. Hence not only are surface conditions
important but upper air conditions too. In practice hot plumes
will not rise to these great heights because inevitably their upward
motion will be impeded by an inversion near the top of the mixing
layer. This inversion 1id is usually only thought to become important
at great distances downwind when the plume's dimensions become
comparable with the height of the mixing layer,:

Scriven (1967) examines the consequences of elevated
inversions on maximum GLCs. He found that max GLC depends critically
on the ratio of stack height to inversion height and to the deéree
of reflection from the inversion. He particularly drew attention
to the varigbility in max. GLCs that changing the inversion height
could cause. If one interprets this result as variability in plume
rise (through wind speed) with respect to a more or less fixed
inversion 1id above the mixing layer, then, for a sector with a high
proportion of light winds and a hot source this varigbility in GICs
may be £he most prominent feature. The predictive effort would then -
depend on the aécuracy with whigh the strength and ﬁeight of upper

air inversions can be measured — an extremely difficult task requiring
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upper air information which is normally available at most L hours

of the day and at radiosondas. stations separated by hundreds of
miles. The results of Moore (l974b)figs. (2.1) and (2.2) show

this effect in light winds. Hourly max GLCs during the day with
winds less than 5 m s_l are almost as high as those observed for
very high winds when plume rise is much reduced. The plume is inyA
detected for about 30% of the time when the wind direction indicated
it should have been over the sampling network. The rest of the
time the plume presumably penetrates the inversion and remains aloft.
Hence for the larger sources with large buoyancy the elevated inver-
sion ought to be incorporated into any model even when considering
maximum GLCs only, near to the stack.

-

2.3 The effect of light winds on calculations of long term maximum GLCs

To examine the effect of light winds on calculations of long term
GLCs we take an extremely simple approach. Surface stability becomes
important mainly for occasions of light winds. With light winds
and large hot sources plume trapping may be important. With this is
mind consider calculations of long term maximum GLCs for (a) passive
sources and (b) buoyant sources.

(a) Passive sources

Equn. (2.4) suggests that for light winds GLCs become large
because of reduced dilution. The effect of the high level inversion
1id above the mixing layer is negligible on max GLCs. - The point of

. .
max. GLC depends on the functional form of GZ(X) . In light winds
this may vary considerably depending on stability. For unstable
conditions max GILCs depend critically on the type of convection as

discussed in Chapter 5 i.e. they could be greater or less than

calculations of GLCs in neutral conditions at the same wind speed.
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The point oflmax. GLC however would be expected to be nearer the
source. A feature of equn. (1.2) is that the maximum will be
relatively flat with respect to distance. Hence it is expécted
that no great error will be involved in assuming that equn. (1.2) or
(2.4) may be applied for unstable conditions when considering the
overall effect on maximum long term GLCs. In stable conditions>the.
plume will be trapped at éome height above the source and GLCs will
be zero for all. X . So the maximum.effect of light winds and
extremes of stability can be studied by taking equn. (1.2) to apply
for all winds, oz(x) fixed,and then repeating the exercise by
excluding winds of less than say 6 knots. This will give an upper

and lower bound to celculations of long term GLCs.

(b) Buoyant plumes

Here the o and B models for plume rise given by equns. (2.12)
aﬁd (2.13) were used. However here for the B—ﬁodel, A was taken
to be a slowly varying function of wind speed such that A = 0.09
for U=5m s_l and A = 0.06 for U=15m s_l . This was
suggested from table (1.1) assuming that AoC i and from fig. (2.1)
and (2,2) where in fact the values of X necessary to provide fit
with the plume rise estimates indicated by classical theory, took
the form given above. The curves of max. GLC against wind speed
are of similar form to those shown in fig.(2.12), differing greatly
at the lower wind speeds. Two values of the heat flux were studied -
10° and 107 cal s} . A stack height of 100m was taken. The
larger source_corresponds to a moderately sized power station. The
effect of surface stability was handled invthe same way as for the

passive plume and the effects of impermeable lids placed on top of

the mixing layer were studied.
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Long term GLCs have been calculated following (Pasquill(1962)
p-245) with a modification when a 1id wés placed on the mixing layer.
The 1id is supposed impenetrable with complete reflection taking
place there and at the ground. Total reflection is deécribed
mathematically by introducing an infinite series of virtual sources
at different heights. The expression at radial distance x from

the source is

Loyp % 2 2
_ 37w @ -H'l20; -(H-ZnL)/Zo'l )
Cexy = ; —3——0“3,,@( ¢ 2 _ _—

where g(u) is the frequency with which wind u Ylews within a 30°
sector and L is the height of the elevated inversion. With no 1id
the infinite sum in equn. (2.14) is identically zero. At large
distances a greater number of terms is required in the infinite sum'
to obtain the same accuracy achieved near the point of max. GLC.

The two 30o sectors studied are those given earlier for Shawbury.
For the hot plumes the virtual origin was calculated by assuming that
the standard deviation of the passive plume from the virtual source
is equal to the buoyant plume radius (half the plume rise) when the
rise is terminated. Plume rise below an inversion was terminated
when plume height plus radius (i.e. the topmost extremity of the
plume) reached the top of the inversion. For the hot sources wind
speed was modified to that at stack top according to a 1/7th poﬁer law.

The buoyant plume trajectory was given by =z = 1.81«"1/3312/3

/U with
plume radius r = 2/2 and z height above stack top. For very light
winds this expression is not appropriate — the trajectory behaving

more like that of a vertical plume. Unfortunately no adequate

analytical description of the plume behaviour near the inversion 1lid
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and thereafter is possible. The plume will make a pall above the
stack perhaps being diffused down to the ground very near itf The )
extension of the model to very light winds is expected to be quali-
tatively correct at best, and this is all that can be héped for.
Here we have takm10;= 0.05x for all occasions. Except when stated
otherwise all the following calculations refer to the‘long term

GLCs at the calculated point of maximum GLC, i.e. long term max.

GLCs.

Results of calculations of long term max GLCs for the passive source

For the passive source all calculations were made without a 1lid
on the mixing layer. With gi(u) the frequency of occurrence of
winds in sector i

, u wind speed, Ei the time weighted wind speed

in sector i , then long term GLCs (Pi) from equn. (2.14) are —

‘P-: = "‘Z”;'z(ﬂi(u)/())q'(x) where q{x) is a function
of x derived from equn. (2.14).

Suppose we set GLCs = O for winds < 6 knots aﬁd denote
recalculated average long term GLCs by P; . Then for the two sectors

considered.

0 . .
PI//PI = 10813 \PII IT = 3,507

So for sectors with a high proportion of strong winds (sector I)
calcula@ipns of long term max GLCs differ by less than a factor
of 2 of each other no matter what assumptions are made about light
winds. For the light wind sector II, calculations are more sensitive
to assumptions made about plume behaviour in light winds,

One further result worth noting is that obtained bj using the |

average wind speed ‘Ei as an.indicator - of average long'term GLCs,
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To test this simple idea GLCs Pi using 'ﬁi have been computed

and compared for both sectors.

0.2 ( SL(U)/U)]/ 2. 9.0

w
| e ]

If Ki_ : P;.I.p(,

U1 ke, Ul ke

then

RI = 1.569 , RII = 1'.’659
and if :

- N _ N
Q= ¢JP - L ui.Z(gi(w/u)J/ZQ;(u)
we have
o o
RI = 00865 9 RII= 00473

Taken together the results indicate that using the average
wind speed, calculations of long term max. GLCs can be got almost
to within a factor of two of calculations obtained by making vastly
diffe;enﬁ assumptions about plume behaviour in light winds.- the
differences becoming smaller for for the strong wind sector, This
simplé result is certéinly intefesting and suggests a considerable
reduction in the computational burden when using a fully integrated
model, pfovided this level of accuracy is deemed adequate. The
accuracy with which actual long term max. GLCs can be predicted
depends on the success of the model in ‘stronger winds. -

Results of calculations of long term max GLCs for the buoyant plumes

Table (2.1) shows the results of calculations of long term max.
GLCs with the terminology explained below,

GLCs were calculated using the « and B models for sectors I
and II for plﬁﬁes of heat content 106 and_'lo7 cal s“l . The
results for each source and sector are normalised to those obtained
using the a~model for the unbounded atmosphere. The column headings
indicate « |
UA Calculations for an unbounded atmosphere (Ehun.(2.14) applying for
allﬁwinds).

UANLW Calculations for an unbounded atmospheré but with GLCs = O

for winds less than 6 knots,
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UA (av. wind) Calculations for an unbounded atmosphere using the

“time weighted average wind speed .Ei .

500, 750, 1000m Calculations for a bounded atmosphere with a 1id

at a height of 500, 750, 1000 m.

TABLE 2.1

Caleculations of long term max. GLCs.

SOURCE UA  UANLW® UA 1000m 750m 500m
7 -1 av. wind
10' cal s “{Sector I o [1.00 0.91 1.12 1.06 1.14 1..48

0.3 0.34 0.39 0.52 0.70 1.25

Sector II a/1.00 0.73 1.1k 1.12 1.52 2.64

Bl 0.15 0.15 0.13 0.70- 1.16 2.50

10° ca1 s Sector I o [1.00 0.83 1.03 1.00 1.02
‘ 0.8% 0.83 1.17 0.87 0.92

Sector II a{1.00 0.58 1.09 1.02 1.09

Bl 0.55 0.51 0.80 - 0.64 0.80

The results of Table (2.1) indicate that for an umbounded
atmosphere - |
(i) Using the time.weighted average wind speed, long term max GLCs
can be got within $¢% and often much better of the fully integrated wind
speed model (UA), but the differences in calulating the point of max
GLC may be large especially for the B-model.
(ii) Assuming that GILCs = 0 for winds less than 6 knots then the
long term max GICs may-bé reduced by up to 50% of the values obtained
from including these winds; for the o model,in the sector with a high
percentage of light winds. The differences can be negligible however
especially for the B-model. This result gives a lower bound to

calculations of long term max. GLCs,
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(iii) The differences between the a and B modelsin UA are generally
much greater than the differences within each model resulting from (i)
or (ii)f For the models chosen différences of a factor of T for
the larger source in sector II are found in column UA. Thg_agreement
between the models improves for the smaller source and for the strong
wind sector. Although these results are pecuiiar to the modelsA
chosen they represent the sort of variability to be expected and
dictate the refinements worth making within a particular model. The
former result is general in that for smaller sources the plume rise
is reduced and the stack height becoﬁes more important in determining
GLCs.

The results with a 1id indicate that -
(iv) The effect éf an impenetrable 1id on long term max GLCs is
greatest for the larger source in the light wind sector. For the
smaller source the effect of the 1lid can be negligible even when at
500m above ground. For the larger source and a 1id at 500m lbng
term max GLCs may be increased by a factor of 16 of values in column
UA, and irrespective of wind sector or the plume model the effect is
greater than that found for (i) or (ii). Results depend critically
on the height of the 1lid. Doubling the height can reduce max GLCs
by a factor of 3.
(v) With a 1id the plume models are forced to agree much better.
(vi) In practice long term max GLCs will depend critically on whether
the plumé penetrates the 1id or is completely reflected from it for
the larger soﬁrce.

It was found that at large distances from the source GICs are
increased for both sources when there was a 1id present. At 20 miles
say, with a 1id at 500m long term GLCs are increased by a factor of

about 4 for the smaller source, although the absolute value of the
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concentration was only about 10% of the long term max. GLC.

2.4 Summary and discussion of Section 2.3

A1l plume models become unreliable in light winds, and so it
is of interest to examine how important they are in relation to
other winds. This was done by examining the éonsequences of making
different assumptions about plume behaviour in light winds on calcula-
tions of GLCs. Calculations of long term max. GLCs serve as a
useful indicator of the importance of these winds. Long term GLCs
measure thelintegrated efféét of the shorter 3 minute GICs. They
may be interpreted as an indicator of the "average" value of these
shorter term GLCs. This concept of an "average" 3 minute max. GLC
has been discussea‘in section (2.2) and its usefulness to a large
extent is determined by the shape of the frequency histograms of
GLCs. However provided its interpretation is clear, it provides
one measure of the pollution impact of a chimney emission and this
notion can be used here tomeasure the importance of light winds.
Except when stated otherwise all the calculations refer to the long
term GLCs at the calculated point of maximum long term GLCs. Hence
the "average" 3 minute values discussed above would be those experienced
at the caléulated point of long term.maximum GICs. The possibility of
uéing the time weighted average wind speed for calculating long term
maximum GLCs was also examined. Long ferm max GLCs were calculated
in various ways described below. |
Light wiﬁds are often associated with extremes of surface
stability and for hot plumes upper air inversioﬂs becqme important
because of the large plume rises. The maximum effect of the extreme
variations in surface and upper air conditions on calculations of long

term max GLCs was investigated as follows. Calculations of the long
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term max GLCs were made asswuming that the steady wind neutral model

applied at all wind speeds. The calculations were repeated and .

the differences noted when

(a) it was assumed that GLCs = 0 for winds less than 6 knots or

(b) an impenetrable 1id was placed above the mixing layer. This

second modification was made only when considering the hot plumés.
The exercise was done for stack emissions which were assumed

passive and for emissions of gases of heat content lO6 and lO7 cal s-'
Two plume rise Formulag were investigated and wind data for two 30°
sectors containing a high proportion of light and strong winds
respectively was used.

The results indicated that
(1) For the passive plume using the time weighted average wind
speed Upy ’long term max, GLCs can be got almost to within a factor - !
of two of calculétions obtained by making vastly different assumptions
about plume behaviour in light winds.
(2) For the iess buoyant plume differences from either (a) or (b)
or using Wy Were generally smaller than those using the different
plume rise formulae. However for this case all estimates were within
a factor of two of each other.. _
(3) For the plume of large buoyancy differences in the calculations'
of long term max GLCs from either.(a) or using W,y wWere much smaller
than differences resulting from using the two different plume rise
formulae. The sgnsitivity of the calculations to the imposition
of a 1id on tﬁé mixing layer depends on which plume rise formula
is chosen, and this refinement can make large differences to the
results.

Hence provided the models are reasonably accurafe in windy

conditions then estimates of long term max GLCs for passive emissions
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and for plumes of small buoyancy ﬁay be got to within a degree of
accuracy that is acceptable for many purposes. For emissions of
large buoyancy the frequency of occurrence of high level inversions,
their heights and strength must be known before the same degree

of success can be attained. However, for hot emissions, the degree
of refinement worth making within a particular model is largely
governed by the fact that calculations of GLCs deﬁend critically

on the choice of plume rise formula.
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CHAPTER 3. An Investigation of Local Weather and Air Pollution

Considerations at Aughton

3.1 Introduction

Chapter 2 discussed in broad terms the effect of ground based
and elevated inversions on GLCs, The primary deciéioﬁs on stack
design and location have to be made of course, wifh regard to the
special features of plume behaviour in these c;nditions. With this
in mind a particular study of a place where more than the usual
amount of information is available regarding temperature and wind
profiles is presented. In practice this represents the most obtain—
able from routine meteorological data - its extraction requiring some
effort however. ‘The purpose here is not so much to give a
statistically complete dispersion guide for incorporation into an
air pollution model but to draw attention to the variety of situations
that exist, some of the mechanisms involved, some potential air
pollufion hazards, and to provide a framework from which decisions on
plant design, operation and location can be made. Indeed the
feasibility of an air pollution model is discussed. The study is
unique to the location of course, but serves to demonstrate the'
limitations of generalities in these matters.

Wind and temperature profiles from Aughton radio§9ﬁde" station
are presented for the years 1967, 69, Tl January and July for the
noon and midnight ascentéf From an e#amination of this albeit
limited data ;ome of the important seasonal and diurnal variations in
wind and temperature structures can bé observed.

The position of Aughton is shown on figs. (3.1) and (3.2). Tt

is situated about 8 miles east of the coast. A long ridge of high

ground lies a mile or two to the NE of Aughton and extends eastwards.

*  Ascents made at 1130, .2330 GMT.
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Fig (3.1) Map of part of North West kngland., Contour lines drawn at
intervals of 150', 300', 600', and 1500', Land above 300' is shaded.
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Fig (3.2) Map of area surrounding Aughton. Aughton radio sound statiom

marked by 4 ., Contour lines drawn at 50! intervals.



The highest point to the westward side of the ridge lies about 200

feet above Aughton.

Wind statistics

Fig. (3.3) shows the wind statistics for the 850 mb (1500m)
and surface wind. They are given in isopleths_of the "number of
occasions" that winds within'each Beaufort range and 30° sector blew
over the periods studied. Fig. (3.l4) shows a plot of surface wind

against 850 mb wind for July at midnight.

Stability statistics

' Here only those inversions for which.an isothermal layer was
observed or there was an ilncrease of temperature with height, were
recorded. Hence only the stronger inversions are presented.

Figs. (3.5-3.9) show the height of the base of the first elevated

_ inversion against either surface or 850 mb wind direction. Where
the inversion is ground based the height of the top of the inversion
is indicated and the height of the base of the first elevatedv
inversion (if any) above it, is also shown. Only inversions up

to 1500m are presented.

3.2 Wind analysis

(a) January

Fig. (3.3) shows that the upper winds show little diurnal
variation and;are predominatly from the WSW and SSW.sectors. There
exists a tendency for winds from the NNW to be more frequent during
the day. The surface winds also show little marked diurnal
variation although they are lighter at night. However the pre#ailing
surface wind is from the SSE and ESE sectors varying markedly from .

the upper wind. This may be due to the fact that the Welsh



JANUARY

Noon ' M idnight
N E S w N- N E S w N
'l - :
40O 1 350 mb a4 b Q\%/CEC
O\ NG
7> P /> o e ©)
< 7 T
e/ -
10 10 L Q x
P eI AR
4 h \Q%\j{} ) Surface 4 \@\\/\’\
= =N
7 7
JULY
Noon .. , M_idnight
]N E .5 L | N E S w N
: 1
O
.90 Qz%;/) 850 mb 4 < \C{\/:—)
10 10
1 & A\Vm ' | . lﬁ_—f\\)}fj\“’"
. ) L@@ . Surface E)/
\J—\-::y' o 4 {
7 ' g

?ig (8.3) Isopleths of the number of occasions (2,4,6,8,etc) that winds
blew within each of the Beaufort ranges and from each 30o sector, over
the years 1967, 69, 71 in January ﬁnd July, at noon and midnight,
Observations were wade at the surface and at +the 850 mb level, Beaufort -

ranges 1, 4, 7, 10 are shown. Station Aughton,
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mountains serve to act as an obstacle to the surface air,deflecting
it and guiding it to come from a more eaéterly point at Aughton. ’
Fig. (3.1) suggests that the high ground to the east of Aughton |
(Rossendale) may also help to channel the surface winds.in this

way. Further evidence to support this idea is afforded from

observations at Ringway and Manchester (see Chapter 4) where the

prevailing surface winds come from the S and SSW respectively.

(b) Ju

The 850 mb wind prevails from the W and WSW both day and night.
Winds from the SSE and NE sectors are slightly more common during
the‘day. The prevailing surface wind at noon is more westerly
than the ﬁppér wind occurring most frequently from the W and WNW.
At midnight winds/ére pretty evenly spread around six 30° sectors
from the ESE to SSW and from the W and WNW. The surface winds are

much lighter than those observed during the day. The number of

occasions that easterly and westerly winds were observed awe given in Table 3.1

Table 3.1
For sectors N, NNE, ENE, E, ESE For sectors WSW, W, WNW
850 mb  Surface ' 850 mb  Surface
MIDNIGHT L. 26 MIDNIGHT 55 26
MIDDAY 5 10 MIDDAY 49 54

The gurface easterly winds are much more common than the 850 mb
easterlies and indicate that the wind will often be a local wind
independe nt of the geostrophic flow. The much more frequent night-time
occurrence suggests a katabatic or land breeze system. Fig. (3.&)
shows again the surface easterly drift occurring independently of

the SW upper flow. During the day with good vertical mixing the

surface and 850 mb winds are much better aligned. However the
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preferred surface NNW wind would suggest that sea breezes may be

operative here.

3.3 Temperature inversions analysis _ ﬂ f
(a) Juiy

Figs. (3.5) and (3.6) show clearly the formation of night - time
ground level inversions. All are pretty evenly spread around the
compass and follow closely the distribution of 1light winds at this
time. They are mostly radiation inversions formed by the cooling
of the ground and hence surface air. Most are less than 200 m
deep although some extend to almost 500m,

At noon there were no ground level inversions recorded. At
this time there were twice as many elevated inversions between
500-1000 m. The origin of these upper air inversions can be traced
by observing the 850 mb winds rather than the surface winds.

Fig. (3.9) shows that the major diurnal variations occur when the
upper wind blows from the NW — that is air is coming off the sea.
The first elevated inversion will probably be the cloud base
inversion. During the day surface heating at Aughton presumably
produces cloud at this height whereas at night, because little cloud
forms over the sea during the day,no cloud base inversion is
observed. The few iower inversions in this sector could again be
occasions of low cloud. At night, however, air off the sea will
be warmer than on land and conditions are favourable for the formation
of ground vased inversions — many could be advected rather than
radiation inversions, warm air flowing over colder air rather than

cooling from below.

(b) January

Figs. (3.7) and (3.8) show that ground level inversions (GLIs)
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are observed at night and during the day. There are about twice

as ﬁany at night. Most are grouped around the SE and NW sectors

and again follow closely the distribution of light winds at this

time. Solar heating is reduced and with the nights longer at this
time of the year it is not surprisihg that GLIs may persist’throughout
the day. Also comparisons between January and July evenings shdw
that in January GLIs are deeper. During the day there are many
occasions of elevated inversioﬁs below 500 m. Many of these will

be the remnants of thelﬁghtdime GLIs which have still not been

eroded away. In fact,in thdSEsectof,these elevated inversions are

about as common as the GLIs,below 500m.

3.4 Air pollution considerations and stack design

Armed with this information what decisions on stack design can
be made? One approach is to classify the meteorological situations
into dispersion categories in the manner of Pasquill(1961). Then
tables of frequency of unstable to stable conditions could be
composed (categories A-F for Pasquill’s scheme) and from graphs the
‘SPreading coefficients would be obtained for insertion into the
pollution formula - i.e. equn. (1.2). Klug (1969) has used this
method to compose frequency distributions of GLCs.

Figs. (3.64,3.8) show that during January and = . July evenings

GLIs are present for over 3 of all occasions i.e. they represent the

most common weathe? situation at these times and so any successful
plume model w;uld need to account for these occasions with some
accuracy. The inadequacy of the models at these times has been
discussed in Chapter 1. However,we do know that within the inversion
mixing is poor and stack gases undergo little dilution. Groupd level
or near ground level releases produce the highest GLCs then.

Elevated emissions, trapped within the inversion, will not be mixed
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down to the ground and so GLCs will be zero at these times.
Obviously because of the frequency of such occasions a reasonably
tall stack - greater than 50 m say - %ould do and the rest of the
calculation need only be concerned with neutral or unstable conditions.
However this would be to overlook other features of stable environ-—
ments. When the air is drifting towards highér ground the lower
layers tend to drift around rather than over such obstacles whilst
the upper layers, carrying the relatively concéntrated plume will
impinge on them. Further{ all elevated emissions will be brought
down to the ground during a}norping when solar heating-destabilises
the surface air and increases the height of the mixing layer up to
the level of the plume. This is commonly referred to as fumigation.
At such a time thenight-time build up of pollution from multi-
farious sources may be considerable and efforts to reduce this
hazard are desirable. All such situations will not arise if the
gases are emitted above the surface based inversion. Certainiy,
raising the stack height reduces the number of occasions when GLIs
reach‘the stack gases.

Table 3.2 gives the percentage frequency of occurrence
for the top of the GLIs occurring bglow fixed heights at midnight,

January and July , when GLIs viere observed.

-

T&ble 3 . 2 ; .
MONTH\ HEIGHT 50m  100m 150m 200m
JULY o 28 57 76 79
JANUARY 8 33 5 75

The table illustrates for example that stack emissions above 150m
have a75j%chanCe of escaping GLIs in July at midnight. Further
increase of the chimney height by an extra 50m say, would not produce

much reduction in the number of such occasions.
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During January the inversions are deeper and taller stacks
would be needed to obtain the same relative success. In this month
many of the GLIs are confined to a narrow sector of wind diréctioné
and although they are deeperland vés frequent -as in July theif
drift may be predicted with some success. Hence consideration of
high ground or other sensitive areas to the W of a prpposed -
installation may alleviate many of the problems by sensible location
of the plant.

For July evenings GLIs are evenly spread around the compass and
so plant lécation would no£ be as effective — although a higher
stack would solve many of the problems because the inversions are
less deep. It would be nice to obtain some form of predictive
procedure if only to allow for some kind of meteorological control.
Examination of fig. (3.4) shows that with a NE to SE surface drift
of alr the 1500 m wind is mainly observed to be blowing from the SW
quadrant and rarely from the NW. Whereas a NW 1500 m wihd will
often only be associated with a NW surface drift of air. This
suggests that the local easterly drift of air is rarely observed
when a NW 1500 m wind blows and suggests a first step for a procedure .
in predicting the surface drift from the synoptic situation.

Fumigations every other morning might be acceptable during July
say with a 50 m stack because of their short duration. Consideration
must be given to the contribution‘it mékes ﬁo the background concentra-
tions and the extent of future industrial development. - During
January, howe;er, other interesting features are observed. There
exists a diurnal variation in the frequency of occurrence of elevated
inversions below 300 m. During the day and night they occur for 147
and 3% of the time respectively. Many of these daytime inversions

will be the result of the partial erosion of the night-time GLIs.
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Because solar heating is reduced in winter, fumigation episoaes may
persist for longer periods giving way to "plume trapping" below the
low level inversion. With all thenightetime emissions fumigated
this way there coﬁld be a serious problem. Fig. (3.7) shows that
for many hours they are confiﬁed to a narrow band of wind directions
and so plant location could be critical. Raising the stack,
particularly if the gases are hot, will reduce thé freéuency of such
episodes. '

As discussed in Chapter 2 elevated inversions are important
ﬁecause they restrict the uﬁward diffusion of the plumes. For an
inversion at the chimney top and total reflection,GLCs are increased
by a factor of two for.a passive plume. Scriven (1967) has shown
that maximum GLCs remain insensitivé to the inversion if it is higher
than 1§ times the stack height. Howeve;,at much greater distances'
downwind ,GLCs may be increased considerably even though they may
still be small compared to the maximum GLC as seen earlier.

For hot sources inversions at 500 m or more may inecrease GLCs
considerably as seen in Chapter 2. Witﬁ diffusion in an unbounded
atmosphere and hot plumes the lighter thé-wind the lower the maximum
GLC because the increase in plume rise far outweighs the effect of
reduced dilution for the passive plume. If plume‘rise is inhibited
by an elevated inversion then a further reducfion in wind speed serves
only to reduce the dilution of the passive plume without increasing
plume rise. Hence max. GLCs are increased.

In Jﬁly ;£ noon, for over 1/3 of occasioﬁs, elevated inversions
are observed below 1000 m and on 8% of occasions below 500 m.
Obviously altering the stack height will make little difference to

GLCs for occasions when these inversions become important — i.e. for

power stations in light winds, though reducing the pollutant emission
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would. For predictive purposes the 1000 m wind probébly gives a
better approximation to the plume trajectory than the surface wind.
This is true for January, and for July evenings, when on some
occasions the 1500 m wind and surface wind are fravelling in
diametrically opposed directions. Hence fumigations may occur
to the east of the plant during the morning. sa& (if the gases were
trapped below a high level but above a GLI inversion at night) whilst
surface observations would indicate that the installation was not
to blame. Fig. (3.9) demonstrates that the disposition of the
plant with respect to the coastline determines those sectors sensitive
to fhis type of plume trapping. With a wider exposure to winds
from the sea, possibly.achieved by moving the installation nearer
the coast, plume f;apping at night would be reduced, as well as
restricting some of the daytime incidents too.

So 1t appears that at Aughton considerations of stack design
and worst GLCs may well be determined by the non—-uniformities in
the atmosphere i.e. inversion depth and height of inversion 1lid,

rather than by formulae designed for uniform atmospheres.
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CHAPTER L. A Study of Topographical Effects and Local Weather_

on Dispersion of Pollution

4.1 Introduction

Most theories on plume behaviour are restricted to flow over
uncomplicated terrain in a limited range of weather situations. - I#
is perhaps interesting to note that many air pollution problems
arise as a consequence of the interaction of ﬁarticular weather
types, local or otherwise, and unusual topography. Where installa-
tions are to be built in close proximity to unusual topographical
features fears are often expressed that their presence will interfere
with the air flowing over them in such a way as to hinder the
adequate dispersion of gases released from the plant. Recourse
must then be made to experimental methods either wind tunnel
modelling or full scale field work. Associated with this,a study
of local weather is necessary to determine the frequency and time
of occurrence of those weather types which may lead to these potential
problems. A practical difficulty here is that meteorological
information is rarely available at the site of the plant and so
inferences about weather there must be made from data at the
nearest meteorological station. Regard must be paid to possible
variations over the distances involved.

One particular study described now was made in Oldham in the
North of England. It is presented because it represents an actual

_case and highiights some of the real problems encountered. The
meteorological information available was limited as were other
resources.

It was proposed to build a municipal incinerator at the foot

of a ridge called Oldham Edge and it was feared that this feature
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would interfere with the airflow causing a potential air pollution
hazard. Figs. (4.1) and (4.2) show maps of the region with the
incinerator shown at position marked‘A. Contour lines arebshown

at intervals of 50 feet and the highest point of the %dge is 190 feet
above point A. The incinerator is near the steepest part of the
Edge where the gradient is 1 in 2.

Fig. (3.1) shows a small scale map of the region with the
nearest meteorological stations — these are at Ringway and the
Manchester Weather Centre. Ringway lies 9 miles to the SSW of
ManchesterAand about 15 miles SW of Oldham Edge. Hiéh ground
(>600 feet) lies about 8 and 12 miles to the east of Manchester and
Ringway respectively and 11 miles to the north of Manchester. Both
stations are 250 feet above m.s.l. with the shallow valley of the
river Mersey running betﬁeen them. Oldham rises 350 feet in 7 miles
to the NE of Manchester.

Returning to figs. (L4.1) and (4.2) it is noticed thét there are
two wind diréctions of interest. The normal flow of air is expected
to be most affected with winds from the NE and SW sectors, that is
onto and off the Edge.

For flow off the Edge problems can arise when and if the air-
stream separates from the ridge. Fig. (4.3) shows schematically

separation from a two-dimensional step.

Turbulent -
airstream

FIG. 4.3 Two dimensional turbulent flow off a cliff.
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FIG. k.4 Two dimensional stable flow towards a cliff.

The flow will reattach at the ground some distance downwind ,
and in the lee of the cliff we find a fixed circulating eddy.

Gases released within this eddy will be trapped and it is esséntial
that the chimney protrude above this region. Even so,the airstreanm
above the shear layer will be deflected down and so the effective
chimney height could be reduced by roughly the vertical size of the
recirculating zone. further,we anticipate an increased level of
turbulence due to this disturbance and even if gases are released
above the shear layer there is a probability fhat they may be
prematurely brought down to ground level in a relatively undiluted
state causing short periods of higher GLCs. Without separation
the streamlines will follow the ground contours and there will ge
no effective reduction in stack height. This may occur when the
air is stably stratified.

For flow towards the Edge problems may arise when the lower
layers are deflected around the Edge instead of blowing over the
top whilst thé.upper air continues undisturbed Fig. (L.4). At
worst then the Edge will reduce the effective height of the chimney
by roughl& }ts own height. This occurrence is expected with stable
airstreams where buoyancy forces will act to resist lifting of

the denser lower layers. For neutral conditions and moderate winds
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the airflow is more likely to continue flowing up the Edge. Both
types of flow behaviour for the three dimensional Edge will depend
on the angle of approach of the wihd.—

To examine the flow under such conditions smoke'was used as a
wind tracer and photographed with cine.and still cameras at the
Edge. This was preferred to wind tunnel modeiling because of the
difficulties involved in modelling stable airstreams satisfactorily.
For correct modelling several non-dimensional parameters, possibly
of order unity, should all have the same value as in the real flow
(Scorer (1963)). This is a severe restriction. Notwithstanding |
this, the correct modelling necessarily implies foreknowledge of
those characteristics of the flow one wishes to model, obtainable
in the first instance by a study of the real life situation itself.
For stronger winds and turbulent flows the same remarks apply
especially with regard to scaling velocity gradients and turbulent
intensities for the modified flow over the obstacle. The Reynolds
number need only be high enough to ensure separation occurs at the
same place as in real life. On complicated natural features however,
it is not obvious where this will be — as a particular salient edge
may cause separation of the flow - and again recourse to observations
of the real life situation is needed to establish whether and where

this occurs.

ﬁ.2 Expgrimeptal field work

An initial investigation examined the behaviour of smoke puffs
fired from a Verey pistol. The package reached a height of about
120 feet above ground where it exploded and a dense cléud of brown
smoke was produced. This method suffered from the drawback that

many smoke puffs needed to be fired at various elevations before a
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complete description of the flow could be afforded. They were also-
buoyant and interpretation of the passive air flow from their
trajectories was difficult. However some information concerning
the general level of turbulence for flow off the Edgé‘was obtained.
Qualitatively an increased level of turbulence below 150 feet was
noted although no evidence of separation could be found.

A superior method was developed in which the spent night-end
of a day and night hand held distress signal was fixed to the barrel
of a four ounce rocket. The day—end of the smoke generator was
activated at ground level feleasing a cloud of bright red smoke.

The rocket was then ignited and the combination climbed to a height

of about 400 feet leaving a red smoke trail which was photographed
with cine and still cameras. This then gave information at all
heights and features of the smoke trail could be followed to establish
the aif flow.

In anticipation of the effects mentioned above two sets of
experiments were carried out when the wind was blowing off and onto
the Edge.

The first occasion was on 8th January 1973. An anticyclone
was centred over England and winds were light. There was a slow
drift of stable air towards the Edge.from the NE. The results from
two rocket launches are presented here. The first was made from
the position A on the map with thé caméra at position B about 560 feet
away. The procket landed about 140 feet further towards the Edge
at C. ’

Fig. (h.é) shoﬁs successive positions of the ascent and descent
trails of the rocket drawn at four'secdnd intervals up to a height
of about 200 feet. The outline of the red smoke cloud.emitted prior

to ignition has also been drawn at four second intervals. Both
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Fig (4.8) Velocity profiles derived from Fig (4.7).
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ascent and descent trails show wind speed rising up to a height of
about 150 feet as evidenced by the wider spacing of the lines with
height. For the descent trail we observe a region of stagnation
near the ground with the flqw reversing and drifting back down the
Edge. The initial smoke cloud is observed also to be drifting
away from the Edge at the position of launch. ~ Fig. (4.6) shows
the velocity profiles as derived from both trails. = We can see that
features of both profiles are similar and that at a height of about
130 feet the air is retarded as it approaches the Edge. This
corresponds to the height of the Edge for the plane of motion and
suggests it is responsible for such an effect, as well as those
features of the flow remarked on above.

A rocket was -launched about 10 minutes later from the same
position.  The camera was repositioned at D and the full trajectory
was observed. The rocket reached a height of about 375 feet and
landed nearly 45 feet up on the Edge about 200 feet from the launching
site at position E. l :

Fig. (4.7) shows successive positions of the rocket trail and
initial smoke cloud at four second intervals, and fig. (4.8) the
velocity profiles for both ascent and descent traiis. The mailn
features of the flow are as observed in the earlier launch. The
wind speed here is seen to be decreasing with height above 200 feet.
There is a reduction of wind speed at all heights as the air
approaches the Edge. This is most pronounced below 150 féet and
agaln suggesté‘that the Edge is responsible for this behaviour.

In late Maréh 1973 further tests were carried out. Then the
wind was from a SW quadrant and flow off the Edge was observed.
Several rocket launches were made throughout the day, which was sunny,
and the wind speed was about 20 ft/sec. The smoke trails showed

the same general features of the flow throughout the day and the
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Fig (4.9) shows successive pogitions of the descent trail of the rocket drawn
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results of one of the tests is given below. The camera was
positioned at F about 1000 feet from the rocket at position G
(Fig. (4.2)). The test was carried out at 6.30 p.m. The
rocket reached a height of 400 feet and landed 120 feet to the east
of G.

Figs. (4.9) and (4.10) show successive poéitions of the descent
and ascent trails respectively drawn at one second intervals. In
“fig. (4.10) the initial smoke cloud has been drawn at two second
intervals. Fig. (4.9) shows a velocity discontinuity occurring at
about 100 feet above which the flow is uniform with height. Fig.
(4.11) shows the descent wind velocity profile for the first and
second four-second periods of travel. The flow 1s observed to be
accelerating away from the Edge. Fig. (4.10), the ascent trail
shows features similar to fig. (4.9). The air below 100 feet is
reversing back up the Edge as shown by the smoke cloud and trail
there. Fig. (4.12), the velocity profile derived from fig. (4.10)
shows the velocity discontinuity and reverse flow near the ground
and suggests that flow separation is occurring off the Edge at a
height just over 100 feet being accompanied by a slowly circulating

eddy below the separation zone.

4.3 Wind analysis at the Manchester Weather Centre and Ringway

Wind frequency data has been analysed for Ringway over the two
periods (1950, 1954-59) and (1960-69) and for the Manchester Weather
Centre (1961-70). Daté for Ringway is avallable for every month
at each of the synoptic hours (0000, 0300, 0600 GMT etc.). Data
for the Manchester Weather'Centre is a&:ilable for every season

averaged over all hours.
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At Ringway Table (4.1) shows that winds > 4 Kts. from the South
and West are most common over the year occurring for 15.4% and .
9.4% of the time respectively. Southerlies are more frequént from
September to January and Westerlies from June to September. Easterly
winds are most frequent during February, March, and April. Winds
from the North are most infrequent. |

Table (L4.2) gives a breakdown of wind streﬁgths for the four
90o sectors. For each sector the actual perc;ntage frequency of
occurrence is given in the first row for each 8eaufort range. The
bottom row gives the same figures for all directions. For each
sector the relative percentage frequency of the first row with
respect to the bottom row is given under the heading "% of average".
This indicates whether winds from within different sectors and
Beaufort ranges are more or less frequent than the average. The
table illustrates that -

(i) Northerly winds are not only less frequent but lighter than
average.

(ii) Westerly winds are stronger than average.

(iii) Fasterly winds are either lighter or stronger than average
depending on‘the seasoh.

(iv) Southerly winds are mostly of moderate strength.

Fig. (L4.13) shows a more detailed analysis of the ffequency of
occurrence of winds by month at each of the synoptic hours. The
number of occasions when winds blew from each 30° sector within each
of the T Beaufdrt ranges vas obtained. Isopleths of "the number of
occasions" (4,8,12, etc.) were then drawn for each month at 0000,
0300, 0600 hrs. GMT etc. Hence each column depicts the diurnal

variation within a nionth, and each row the seasonal variation at any

time of day. The observations cover the ten year period (1960-69).
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month and

direction

Direction350~ 020~ 050- 080~ 110~ 140~ 170- 200- 230 260- 200- 820~ . .~ ..
010 040 070 100 130 160 190 220 250 280 310 340 s
N E s W kts
Jan | 1.8 8.6 5.6 7.4 5.3 8.6 17.0 8.5 6.6 6.8 5.0 a.3/12.6 7.2
Feb | 2.2 4.7 10.7 8.9 6.6 7.0 12,5 7.9 5.1 7.6 6.4 3.6/ 9.9 7.1
Mar | 2.2 4.4 7.9 9.0 8.2 6.0 11.2 9.4 7.1 9.0 9.6 3.4] 6.7 5.9
apr | 3.8 7.9 7.0 4.7 6.1 11,7 8.2 5.5 9.3 10.1 3.2 8.1 8.3
May | 2.8 7.1 6.7 2.5 6.5 17.2 9.1 6.5 8.9 7.4 3.4 8.3 7.1
Jun | 1.8 5.6 4.8 2.9 5.3 13,3 11.1 8.9 11,7 10.1 3.5 8.9 8.7
Jul |1.8 3.5 3.4 3.3 2.3 3.8 13.2 7.9 7.8 15.9 12.9 3.2/11.1 10.0
Aug | 2.4 4.4 3.9 3.4 4.2 6.7.12.7 10,4 8.0 14.3 9.7 3.2 9.7 7.3
Sep | 1.5 3.0 3.8 5.2 8.9 8.2 19.4 10.1 6.9 9.5 6.0 1.6/11.0 9.8
Oct " |1.2 2.5 4.0 5.9 6.4 10.6 19.8 10.4 6.9 5.6 4.5 1.9(11.5 8.8
Nov | 3.5 5.7 5.8 6.5 4.8 9.6 17.8 8.0 5.5 5.1 5.2 4.6/11.3 6.6
Dec |2.1 8.4 4.4 4.8 3.4 6.8 17.9 9.2 5.9 8.2 8.0 5.3/13.4 7.3
Annual '
Avorage | 2+% 4+3 5.8 6.0 3.4 T.115.4 9.2 6.7 9.4 T.9 3.3/10.2 1.8

Percentage frequency of

occurrence of winds > 4 knots,

Table. 4.2 Ringway 1960-69 Frequencies of winds by strength and direction

knots 1-3  4-6 7-10 11-16 17-21 22-27 28-33 34-40 i
Dealfort 1 e 3 4 5 6 1 g |~peeds
North 1.25 3.01 3.64 2,67 0.49 0.05 0,01 0,00 11,12
7 of average 64 65 51 ‘42 28 10 13 0 50
East , 1.68 3.88 5.56 4.88 1,54 0.48 0,07 0,02 8,11
jo of average 86 84 18 16 90 94 88 133 | 81
South 2.71 6,86 11,78 9.79 2,36 0.69 0,08 0.01 B4.37
o of average 138 148 165 153 137 135 100 67 | 153
West 2,18 4.70 17,51 8,28 2,50 0.82 0,17 0.03 [26,19
j of average 111 101 106 129 145 161 213 200 117
All directions 1.96 4,64 T7.12 6.41 1,72 0.51 0,08 0.01522,46

N.B., The meaning of the numbers in

example.,.Winds in the speed range

the table is explained by the following
0
1-3 kts., blew from the 90 sector around

North for 1,25% of all occasions. If winds blew equally from each of the 4

sectors then they would occur for 1.96{% of the time in this speed range

( last row of table ). The " % of average'is derived by ( 1.25 x 100) = 84%
1.96
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The most striking diurnal variatioﬁs occur during the summer
months when during the day the nighttime southerly wind 1is feplaced
by a fresher westerly flow from the coast. The time of arrival and
departure of this system varies with the month. During March it
sets in about 1500 hrs. until 1800 hrs. In July it is evident at
0900 hrs. and 1s even discernible at midnight:' This cycle 1s
attributed either to the sea breeze surging in from the Lancashire
coast or to thé alignment of the surface winds with the direction of
the winds at greater altitude due to better mixing during the day.
Cértainly at these times the warmed slopes of the Pennines will
cause anabatic breezes to flow up their sides which will encourage
this westerly flow. The directional change of about 90° is Quite
abrupt and this is characteristic of sea breezes observed at inland
stations where they often appear as a sharp front. It will be an
unstable airstream bringing cool moist air over a heated land.
However ,examination of winds at Aughton (see Chapter 3), suggests
that the second hypothesis might account for this cycle.

During the winter,the diurnal variations are not . nearly 45
pronounced due to the reduced solar heating. From October to |
January the southerly wind pérsists throughout the day. During the,
night it is . lighter. In March and especially February the
easterly wind is slightly more frequent during the afternoon and
stronger than the Autumn easterlies. Also during April, May and
June around midnight easterlies are slightly more frequent than

during the day and are also lighter.

Comparison of wind statistics at the Manchester Weather Centre
and Ringway

From fig. (3.1) it would appear that the Manchester Weather
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Centre should provide better information for the Oldham area than
Ringway. Only seasonal wind tables were available and these were
compared with Ringway in fig. (4,14 III). Both stations are well
exposed to winds from the south and west and major differences are
not expected. However the southerly peak at Ringway has shifted 300
to the west at Manchester and is much reducedrin Winter and Autumn.
For these latter seasons,when winds are combined from directions 30°
either side of the peaks at the two stations ,the frequencies differ
by only 20 %4 of their value. ENE winds at Manchester are more
freguent during the Spring and Summer. However during the Spring
winds within the sector 015°-105° are only 5% more frequent At
_ﬂbn(}\gs}'cf. During the summer they are 23 % more frequent. This could
be explained by the fact that with the lighter summer easterlies at
Manchester there will be many occasions with calms at Ringway or
that there is a systematic shift of easterly wind directions at
Manchester to a more goutherly point at Ringway. The spreading of
the easterlies at Ringway may be a real phenomenrather than a
peculiarity of the siting of the anemometer. It is noted in the
tabulated wind records however that a hanger to the eastnof the
anemometer may cause interference with winds from this sector by
increasing the level of turbulence.

The westerly'éﬁift at Manchester may be due to larger scale
topographical influences. With a prevailing SW geostrophic wind
the surface winds at Ringway will be channelled betweeﬁ‘the Pennines
and Welsh Mountains resulting in the high frequency of southerlies.
Further north this channelling effect may not be as restrictive and
better alignment with the upper winds may be expected. Thié may
explain the shift. The hills to the north of Manchester may possibly

also act to help deflect the surface layers to the east.
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The secondary maximum frequency at Manchester in the west must
be the diurnal "sea breeze" effect found at Ringway. It would seem
then that if winds at Manchester are-more representative of winds
at Oldham then,for a high percentage of time,wind; will be blowing
off rather than parallel to the Edge all the year round. However
during the summer nights and many winter days the SSW wind will be
stable and either separation at the Edge will be suppressed or the
lower layers will skirt round it from the south. With the fresh
summer afternoon westerly, separation is much more likely however.

Stable light easterly winds will be observed on most radiation
nights when katabatics drain from the Pennines and reach Oldham.
During Spring and Autumn nights clear skies occur from between
15-20% of the time, and calms for about iO% of the time af Ringway.
This suggests an upper bound for the frequency of occurrence of such

winds at these times of 10% of occasions.

Comparison of the wind statistics for different vears at Ringway

The frequency of winds in the two periods (1950, 1954-59) and
(1960-69) were compared at Ringway to ascertain whether one decade
is a reliable indicator of frequéncies.

Over the year fig. (4.14T) shows that the distributions are
very similar with the peak frequencies matching well although there
is a shift of the westerly peak from WNW to W in the later period.
This is reflected in the summer season (fig. (4.14II)). Summer
appears to ha;e come and gone earlier in the 50's with the exchange
of relative magnitudes of westerly and southerly peaks when the
monthly data was examined. Individual months do show considerable
differences especially March and May. In March there are no well

defined peaks and wind patterns are less structured (see fig. (4.13))
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with winds spread pretty evenly over several sectors. The
differences seen in fig. (4.14I) probably reflect the persistence
-of different large scale pressure patferns over a few of the years
in thé periods studied. These differences would bé enough to
stamp their identity on the whole decade without especially being
prevalent throughout a majority of the years. The May anomoly |
may be due to the later summer devélopment in the 60's.

Hence long term seasonal or yearly average GLCs would seem to
be reasonably well represented DY either period. Predictions of
long term GLCs for any month,however,could vary by a factor of two
depending on the period and month chosen — this refers to peaks in
the frequency curves or those sectors for which GLCs will be highest.
Individual months or seasons in any year will vary even more from
the decade average. However the conclusions regarding weather
types and wind sectors, and the mechanisms involved still remain

true even though the frequency of occurrence of these systems varies.

4.4 Conclusion

The study has succeeded in part in demonstrating those occasions
when local weather and topography may produce potentially hazardous
situations. The frequency of occurfence of such occasions as
inferred from the meteorological data would support the conclusion
that the inéinerator must be designed fo avoid any occurrence of °
this nature. Any stack height deemed acceptable for dispersion on:
flat terrain.;hould hefe be increased by 100 feet to ensure the same

degree of safety.
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CHAPTER 5. Chimney Plumes in a Convective Atmosphere

S.1 The convection model

The problem under investigation is that of detérmining the
behaviour of chimney plumes emitted into the air under strong con-
vective conditions. Under such circumstances winds are generally
light and organised mixing and heat transport from the éurface is
maintained throﬁgh rising hot air masses called thermals, that
originate near the ground. These thermals transport all surface
air constituents (including pollutants) from the ground, they mix
with the ambient air as they rise and coﬁsequently grow in size.

The motion may extend to considerable heights — perhaps one or two
kilometres above the surface and for this reason it is hypothesised
that in order to maintain their buoyancy over such éepths and also
to ensure thaf the thermals do not occupy the whole sky at some
ﬁeight, they must amalgamate as they rise. To compensate for this
upflow from the surface.the enviromment - that is the air mass
excluding the thermals — is slowly subsiding, and being stably
stratified is warmed. There may also be conditions under which‘
compensating inflow occurs through horizontal convergence into the
convective field and then the environment would not necessarily need
to sink to replenish this loss of air. These conditions may be
typical of coastal areas where sea breezes readily form to replace
the warmed air over the land. Again, large scale convergence into
the low pressﬁre centre formed within the convective region may also
occur.

One way 5f describing the type of convection in which subsidence
is the mechanism for mass conservation has been to invoke ‘the

principles of similarity in order to obtain a quantative understanding



of the dynamics of the system. The field of convection is then
determined by the buoyancy flux at the surface and the similarity
relations governing the dynamics of isolated thermals.

The.extent of the region must be infinite or the capping
inversion at the top of the mixing layer must be at a heighf much
greater than the region of interest where similarity is invoked.

The thermals must occupy the same fraction of the sky at all heights
and from the dynamics of isolated three dimensional thermals one
result obtained is that the velocity of ascent of the thermals or
descent of the enviromment is proporfional to the cubed root of
height above the surface. The environment decelerates as the
ground is approached because its downward mass decreases through
entrainmment into the thermals, whilst it always occupies the same
fraction of the sky. Fig. (5.1) shows schematically the type of
convgction envisaged here. This is taken from Scorer (1969) where
the details of the calculations can be found.

It is recognised that the theory does not extend right down-to
the ground where the tiny thermals would theoretically have  large
temperature excesses. It is conjectured that the thermals burst
from irregularities in the surface layer which may be 50-100 feet
in depth and are of finite size at their inception. Their existence
is beyond doubt but there remains confusion as to the detailed
mechanisms of their generation. )

Henée the theory is really only applicable above this surface
layer and in éénditions when the vertical extent of the mixing is
much larger than that of the chimney plume itself. Most hot
sources from relatively high stacks (greater than 250 feet say) would
be expected to travgl for considerable distances within this similarity
region. Extrapolation down to smaller chimneys and heat éources

would be speculative.

L2
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Fig (5.1) A similarity wodel of thermal convection. Thermals,
originating at the ground, wix with their environment and with
each other as they accelerate upwards, The environment slowly
subsides, decelerating as it nears the ground,

For similarity - '
(i) Thermals occupy the same horizontal fraction of the sky

at all heights,

(ii) Thermal size is proportional to the height above ground.
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5.2 Passive plume behaviour in the convection field

A model of plume behaviour under such conditions has been
offered. by F.B. Smith (Smith (l957a,1957b)). He considered passive
ground level line sources emitted into a convective region which
was capped by an inversion. He considered effectively two plumes.
One was the original plume which was depleted as it travelled down-— -
wind and the other was the "convected plume".. This consisted of
those entrained ground level plume elements which were now subsiding
after having been carried to the top of the convection layer. Plume
p}ofiles were developed for the ground level plume by extending the
solutions for non-convective conditions which were calculated from
the 2-dimensional diffusion equation.

In our case we shall only be concerned with the original plume
and assume that those elements which become entrained into the
thermals after travelling to great heights will reappear at the
surface at some considerable distance downstream, if at all, and
will not appreciably affect maximum ground level concentrations.

Here we are considering elevated 3-dimensional plumes and shall assume
a concentration distribution for the plume in non convective conditions
rather than solve the "diffusion equation". At great heights away |
from the surface it is not unreasonable to assume that conditiocns
become more isotropic and in common ﬁith most other theoretical
investigations we shall assume the plume distribution to be Gagssian.
It will be shown that under certain conditions the concentration
profile does not change from a non-convective to a convective atmosphere.
However the‘organised mixing will modify certain plume features. The
plume 1s considered either to be emitted into‘a thermal - whence it

does not reach the ground - or it is emitted into the subsiding
énvironment, through which thermals penetrate and part of which they

entrain.



- 96 -

F.B. Smith noticed that the convection will modify the "original®
plume in two ways. First the thermals will deplete the plume and
second the subsiding environment will.compress it because the air

higher up is descending more rapidly than that nearer the ground.
He assumed that the rate of descent of the environment. (—Ve(z))
was proportional to the height above the ground (z) .

So
V,(z) = -dz , A>0 onstant 5

" The rate of loss of volume per unit volume of the environment

is given by
dV2) [dz = -2 - (5.2)

So the rate of loss of material at aﬁy height is a fixed proportion
of the concentration at that height and hence depletion does not
alter the shape of the concentration profile.

With a Gaussian profile and compression given By equn. (5.2)
the shape of the concentration profile again remains unchanged
although the standard deviation will change. Equn. (5.2) says that
the rate of separation between two particles is proportional to

their separation. Consider a concentration profile Cl at time

Ciy> =(A Mg Rl

A , constant and qyo the standard deviation at time t =0 .

t =0 in fig. (5.2) given by

Now consider the change in profile under compression alone

- given by equn. (5.2).
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Distance from centre of plume
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FIG. (5.2) Change in concentration profile by compression alone.
-At .
For any y , dy/dt = -Ay so y = y(t=0)e with respect to
the -origin. For a particle at y = Yo at t =0 and y =y, at

t = tl we have
. _ 2
")t‘ ’ - HD/Z‘POZ

HI ? ‘joe e Cz “jl) = C((H‘,) = (H/\Poz) €
A - yHRGE™Y
(™)

Caty)

Thus the Gaussian profile is preserved with the standard
L T Ay _
deviation @—\Poe i.e. d@l/dt 7 }\Q .
The passive plume is also expanding under the influence of
the eddies in the subsiding environment and hence the total rate of

expansion is given by.—
dglde = (dgldt), . -2 (5.3)

The first term on the right hand siie of equn. (5.3) gives the
rate of expansion for the plume in the non-convective atmosphere
appropriate to the standard deviation at any time and the second term

is the compression term.
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It is assumed that (d%Vd;)A=O =a (constant) (5.4)
gives a reasonable estimate of eddy expansion. It assumes the
plume spreads conically and is expecfed to apply reasonably well
near the source at least up to the point of maximum GLC.

Hence with q? =0, the vertical standard deviation of plume
material, U wind speed, the solution of equn; (5.3) with

oz(t=0) = 0 1is given by

0, = (Vao/A)(1-€™) (5.5)

' The horizontal spread of the plume remains unaffected by com—
pression in a statistical sense because the loss of volume of the
plume is taken up by the thermals. Instantaneously, however, the
plume will take up an elliptical shape, preserving.volume, because
the motion is incompressible. So with x distance downwind, ¥

acrosswind distance, 2z height above ground we have
Oy = GiX , Qi constant (5.6)

and with the Gaussian profile,concentrations are given by

-y/ 20, ~(z-hYV /202 ~(z+W /202
C(X.fj‘l3= —g—%ﬁl—e N (e + € ) (5.7).
yvz

The secopd term on the right hand side of equn. (5.7) is the
image source and it is assumed that the image enviromment is a
perfect reflection of the real enviromment with Ve(z) = Ve(-z)
for z < 0.

h 1is the centreline of the plumé and is a function of x .

Provided the rate of subsidence is much less than the wind speed
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the distribution in vertical planes about the plume centre line will-
be a good approximation.
To find F(x) in equn. (5.7) We'apply the conservation of mass
to a vertical slice of the plume as below, integrated over all space.
| From fig. (5.3)
Total flux of material through surface A - Total flu# throuéh B
= Rate of loss of plume material through entrainment into

the thermals.

Z __9_, c(xy.z) Cx+5x,y,2)

Y
Ti_.x B
FIG. (5.3) Conservation of pollutant.

U[ H C(x.9,2) dydz —HC (x+8x,3,z)dgdz] =-%S .%st("). C(x,g,z)dxdydz
A . B Vol.

and with dVe/dz = -A

d/ dx [ H C(*;\Lj.z)éﬂz} 20 K Cxy2) dy dz

the solution of which is

-AxJ0 ,
“ C{X.g,z)dgdz = constant. € (5.8)

Now when x = 0, U“C(X.glz)dgd.l = ("' U)Q where Q 1is the amount
of material emitted/second and o 1is the proportion of the sky '

occupied by thermals. Hence
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Y g e T
(5.9)

_ (-0Qe
((xig,2) = RUmoy0; © & + e

and for ground level axial concentrations

_7\?([() ,—-hz/éO'ZZ
C(}('O| D) = _g(lﬂ . £
UToy5; e (5.10)

The results obtained in equations (5.5) and (5.10) apply only
to an environment in which equn. (5.2) holds. As discussed earlier
according to similarity theory Ve(z)OC zl/3 and if we are to
apply the results of this theory we must justify the form of
equn. (5.2).. Now provided the gradient of Ve(z) Qaries marginally
over the plume depth it is fair to approximate the rate of subsidence
over-the plume through a linear dependance on height. ‘ As the plume
expands this approximation becomes poorer. The rate of depletipn
as expressed in equn. (5.10) through e—)‘x/U depends solely on the
gradient of Ve(z) . The gradient changes slowly with height above
the ground and the rate of change of gradient with height
(dQVe/dzgoc z—5/3) at great heights is small.. Fig. (5.4) éhows_
the variation of Ve(z) with height for perhaps strong convective
conditions. The centreline of the plume hk.) however depends on

e

V (z) directly and because Ve(z) changes more rapidly with height

than dVe/dz “it is a better approximation to assume h varies as -

dh/dt o¢ h'P

So provided the major part of the plume trajectory is spent well

above the surface layer there will not be any great error in assuming
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the exponential aepletion rate. 1 1is taken as the appropriate
average gradient over the plume trajectory.

A hot plume expands under its own buoyancy and equn. (5.10)
could then only be applied after such a time as the plume becomes
effectively passive. To calculate maximum GLCs we introduée

variables.,

x distance downwind measured from the point where the plume becomes
passive.

H(x) = h(x) centre line of the plume.

H,= H(x=0) chimney height + plume rise.

xl_vactual distance from chimney to x =0 .

%o lateral standard deviation of plume at x = O .

0%0 vertical standard deviation of plume at x = 0 .

So equn. (5.10) becomes

.
eV = Hw/Ro2

. 809, '
C(x.o,o) UNO'M()‘,_ € | e (5.11)
From equa%ion (5.4)
Uto _)X/U - )G-zo
0, = ) (l"f Se ) 3 §=1- Odo (5.12)

0:‘} = O:‘jo + Qix 5 define
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To calculate H(x) , we have with x = Ut
dH/dt - -FH‘IZ’ _
H(X) . ( Hozls_ (2F13>t)3!z

Introducing

Ho Lk
b Xz [Ho, e Mo tom 5

then the point of max GLC x = X is given by %% =0 and the

solution of

4t _ 2ol (- (£ 23,6 gl 5 s,
m (I_Se-z%¢)2(|_86-2¢»1’+ qumv,fﬁ)

where ¢m= CloXm‘\E/Ho N.B. if %_'z:_ = %- then S: l-¢

Equation (5.15) can be solved graphically giveny which in general
will be a function of the convection (through A ) and the heat content

o) -
N.B. as A >0, HpH, b, 1=

of the gases (through H
0;0"]2 Ozo (o

3
=

Hl for o;ﬂ ; a,

With ¢ given from equn. (5.15) max. GLC Cmax is given
by
2 'Z%T
owfo 204 —uV -V /1-5E )
. Rl ®&e e "¢ |
"UTHE Q1 (€4 2¢m) (1- §e73Y) (5.16)
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Without convection max. GLCs will be given by

] _ _RG . bo
Crox = enOnZ a (5.17)

The effect of convection may be studied from examinati&n of
_the rafio of equns. (5.16) and (5.17). H, 1is the plume rise plus
chimney height in a non-convective atmosphere.

Having established equations (5.15) and (5.17) it is now

necessary to obtain an expression for the rise of the buoyant plume

in the convective atmosphere to determine ¢ .

5.3 Buoyant plumes in the convection field and calculation of

maximum ground level concentrations

Plume rise is determined by the instantaneous distribution of
buoyant material within the plume elements rather than the statistical
properties of the mean material distribution and so it is necessary
to consider the detail of the thermal activity to describe the plume
trajectory. |

On emission buoyant plume elements either collide and become
entrained'into passing thermals when they will be carried ﬁo great
heights or they will become part of the subsiding environment,
expanding at a rate determined by their heat content and rising
relative to the subéiding air, In the latter case it will be assumed
that the plume may be considered as a bent over cylindrical thermal,
its trajector& being calculated in a similar fashion to that in g
non convective atmosphere. This will be all right provided the
spacing between the envirommental thermals is muéh larger than the
plumes vertical size near the source. If o 1is the fraction of sky

occupied by the thermals, S the horizontal spacing between thermals
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and D the thermal diameter then

s*f0? - (1-0)/ 0, S DA (1-0)/0

Typically o < 1/5 or S > 2D (Scorer (1959)). With thermal
dimensions D about 200 m at a height of 200 m above ground,(¥arner and
Tellford(1967)), initial plume lengths, or S , will be about 400 m.
Hence the assumption made above will be all right. The intermittancy
of plume elements as they leave the chimney will be handled in the
same way as for the passive plume described earlier.

As the plume travels downwind thermals will puncture it,
entraining plume material, and it might be expected to become
fragmented and 3-dimensional in nature. Then it will behave more
like a series of ﬂiscréte lumps than a continuous plume. However
these elements must recombine again further downwind because they
éxpand longitudinally, forming yet again a continuous plume albeit
of reduced buoyancy per unit length because plume material has been
lost to the thermals. Incidentally Richards (l96§) has shown that
the exterior flow field surrounding a thermal may be represented by
a potential flow with no wake and so the plume would automatically
reform behind the thermal without needéd‘to diffuse longitudinally.
Hence the plume may not be split up; Here it willl be assumed that
the plume may still be treated.as a continudus entity even at greater
distances downwind but its trajectory will be modified because of
buoyancy depletion. This depletion rate may again be described in
an identical”fashion to the earlier passive plume treatment. The
transitioﬁ point between the initial and final trajectory will be
difficult to determine. Their relative importance depends fo a large
extent on the size to which the plume is allowed to grow or on which

plume rise formula is chosen.
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The appropriate velocity of subsidence Ve(z) for the buoyant -
plume will be the instantaneous velocity of subsidence. This will
be equal to the mean velocity only if the thermsls are homogenously
spaced in horizontal planes. The mean plume rise is not expected to
be too different from the rise calculated using the mean velocity
of subsidence provided the above holds and average GLCs computed>from
this will not then be in serious error.

Further we have to discuss the éompression of the buoyant plume
due to the increasing velocity of subsidence with height. In a
statistical sense compression did not affect the lateral spread of
the passive plume because depletion through entrainment into the
thermals compensated exactly for this volume loss. This is not
true for the instantaneous plume. Because the compression will be
volume conserving at any moment in time\circular cross—sections of
the plume will tend to be changing into elliptical forms. The
consequences of this for the buoyant plume would be that the surface
area would increase indefinitely and hence dilution too. It would
then require knowledge of the rate of lateral and vertical diffusion
before a complete solution could be found. }However the problem does
differ from fhat discussed for the passive plume because here the
buoyant plume determines 1its own raté of mixing and its own particular
shape. It is therefore assumed that at éll stages in its developmént
the hot plume tends ﬁo maintain its primary configuration having been
subjected to small deformations, and therefore the effect of com-
pression can gé ignored.

Consequently the equations of motion will only be modified in
that the rate of entraimment will be assumed proportional to the
relative velocity of the plume with respect to the subsiding

environment of which it is a part, for the initial plume trajectory,
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and with a buoyancy depletion term for larger dista\nces from the
sources,

The conservation equations of r;xass, buoyancy and momentus are
given below for a neutral environment with the following notation,
Zero suffix denotes values at stack exit,

v gas exit velocity, () density of plume, ()e de:nsity of environment, .

z height above ground, r plume radius, AB® potential temperature
excess of plume, ) potential temperature of plume, T buoyancy flux
parame ter = 4"'0A93/9 » P, initial buoyancy flux parameter =V‘,59§/ﬂ 8 »
Vo ’ volume flux from stack, g acceleration due to gravity, Fm initial
momeﬂtum flux parameter = (’OVO‘U’/ ﬂee s W velocity of gases relative to
subsiding environment, -Vé_(g) velocity of subsidence of envifonment,

U wind speed, t ‘travel time from chimney,

Density differences are important only for the generation of buoyancy

forces.

Mass d/d:b(eﬂf'”U) : IIﬂTUQe Aw o constent  (5.18)

tomentun gt (pne*Uw) = Uy, %99 o (5.19)

moywey (1) Wgk (UMY -0 (5.20)
o (34) 'd’dk(r"#o%g) : :)'TTLU%S , N constant (5.21)-

Plume velocity dzf dk = w+ V(@) : (5.22)

Solving first the set of equations with equn. (5.20) we have
1 . .
T /u,/;é&g = F ) 0w = Fot + Fay (5,23)
from equn, (5,19). With Tt» Fm for most hot sources af'ter a short

time then

™Uw - F:,t and from cqun.(5.18) C“/C!.t = O(W‘ (5.24)
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Hence
1|3
w= (&fof ‘?Ud‘)l»’? g - (5.25)

and

dzfgr, = (4F[90a) PE™ 4 Vi (5.26)

Equn. (5.26) is then solved for =z once Ve(z) is known.

For any but the very simplest functional forms for Ve(z) |
equn. (5.26) is difficult to solve. Hence it was decided to take
the simplest form which most nearly approximated to the form
suggested from similarity theory i.e. V (z)( zl/3 . For this

e

reason a linear approximation was assumed where -
VC(Z) = _(k + 102) y AO,K > O constants

Fig. (5.4) shows two linear approximations used. Each one 1is
applied according to the anticipated trajectory of the hot plume.

For example, approximation (i) gives a fit within 5% of curve A:over
a height range 200-1500 feet and similarly approximation (ii) gives

a fit within 5% over the range 200-2000 feet. So provided the plume
centreline is reasonably well anticipated the approximation can

be made with small error. All tﬁe linear approximations of course
diverge near éhe ground. However the theory itself does not apply
at the surface vhere theoretically the infinitesimally small thermals.
have infinitely large temperature excesses. Indeed it is probably
more realistic to assume a finite vélocity of descent at the ground

in accordance with the concept of large thermals "bursting" from
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Fig (5.4) Velocity of subsidence of environment (curve A) for typicaly
strong convective conditions. Curves (1) and (ii) are the linear

approximations used to calculate the plume trajectory.
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surface irregularities with finite velocities.  Further, provided
the plume expands and spends most of its trajectory above thé‘
surface layer, local anomolies at the éurface are not expected to
influence GLCs significantly. Hence we use a linear approximation
in order to.obtain_a first rough approximation of the trajectory
and so the height range of interest is establiéhed. Then a betﬁer
linear fit is used to curve A +to accérd with the depth over which
the trajectory is found by first approximation.

So , equn. (5.26) becomes

d'zldt"')\oz = ~K +‘(4-F°’900(2)"3k"‘”3

the solution of which is -

t
- - Ab - Ot D -1
2= he™ o (KD(-€™) + 4819 0ad) e § o5 gs
. 0

To evaluate the integral let y =1 - s/t then

‘ !
gt a DY —y(Aot) -3
2« he™-(kD(1- ™)+ (+Rla b2 (e (1-yy " ay
0 ,

~y ot 254 n
and witn € / = Z (_')(5>‘°t)n/n! we have
n=p

1]

he™ - (kD (- ™) + (45501, 10 g2l

. - 032 n )
he ™ (k) 0-€7)+ (#5lsu) £ 0 LB)

5y (5.27)
n=o ﬂm.s)

Plume rise is assumed to terminate at some time +t = tl and provide
_ Aotl is not too large the series converges quite rapidly. tl will

be a function of the plume buoyancy and perhaps wind speed, stack
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- height and turbulence depending on the criteria used for terminatihg'
the rise i.e. the plume rise formula used.

The alternative derivation - app£opriate perhaps for laréer
sources — gives from equn. (5.21)

St o »
T %9% = fe ~ (5.28)

A is the average value of the gradient of ‘Ve(z)l over the plume

trajectory, and is taken as constant. As mentioned earlier ,sbove
the surface layers,this is not a bad approximation. As before a
rough linear estimate of Ve(z) and A was taken. Having obtained

the anticipated trajectory a better approximation is then made.
) is then taken as the average value of the gradient of Ve(z) from
the stack top to where the buoyant plume trajectory is terminated.

1.e. with

| - I '1{3__ hllsl
Vo= -p” IR S Py

where z, is the height at which the trajectory is terminated and
h 1is the stack height. The plume trajectory is then recalculated

and the second approximation proved satisfactory.
‘3‘{3 areo ’:.)
Equn. (5.19) gives T Uw=F,+ fiﬂ(l*e ) dorze by f—)"(l-e ) (5.20)

Equns. (5.29) and (5.2L4) give

1= (3af [20)"° £ (2] ) ’“(Z/dt)z)(e-aE D) » (5.30)

with initial conditions r(t=0) =0 .

So

| — b — . ,
W= &%{ =(( Fok/qUoLz)(l— e}t))/()ﬁ-lﬂ“eﬁ)ﬂs (5.31)
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Hence plume trajectory is given by solution of

aaldt oz = K H{EM0CY) 1 N (et €4

. giving

| t 35y oS
~dot Aty RN\ -)ot‘( (1I-e)eds
L= ne —(k(}\o)(l'ﬁ )4-(0——-—0(1(1) e 06\5'\*‘6%)115 (5.32)
The integral is evaluated as an infinite series by expanding the

integrand,Gxpressions (5.27) and (5.32) may be written as

2 = he ™= (KAo)(I- ™)+ (55,/2000)"3{—,"3 £0ot) (5.27)

7 Ir\ e:)ot_ (K /M(‘_ e:xu{) ' (3%/20"(2)”3’(,2’3 30@) (5.32a)

The first two terms represent the centreline of a passive plume
emitted at height h added to which we have the reduced plume rise.
Both equns. (5.27a) and (5.32a) reduce to the familiar plume rise
trajectory as A+ 0 and X =0 and f(At) ; g(At) ~1 with =

KVAO independant of Ao
| ; . :
Z= h+(3R]2002) P e

Functions f and g are shown in fig. (5.5) for typical values
of B, FO and U . The effect of buoyancy depletion on the’
plume rise is negligible over the distances of interest. Typically

with strong convection Ay = 0.5 x 1073 sec T and even when
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Fig (5.5) Functions g and f corresponding to plume rise
with and without plume depletion respectively, for typical
values ofﬁ, l.“0 and U, Typically, for strong convection,

) = 0.5::10”3 sec‘l.
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t = 2000 séconds the influence of buoyancy depletion'is small,
reducing the plume rise as expected. .

One result which becomes eviaent now is that if the plume
continues to behave according to either equations (5.27a) or (5.32a)
to great distances from the source tﬁen eventually the lower edge
of the plume must reach the ground. This is because as the plume
is diluted its relative rate of rise is reduced unfil it becomes
about equal in magnitude to the velbcity of subsidence of the
environment whence through buoyant expansion it will soon reach the
grduna. At such a point the height of the plume will equal the
plume "radius". For the purposes of this analysis we will assume
that the plume has a top-hat profile and so maximum GLCs occur where
it first reaches %he ground. For a buoyant plume this is not such
a drastic assumption to make and it has as much Qalidity as the more
usual Gaussian profile, in so far as neither profile really describes
the shape configuration of a bent over buoyant plume. An advantage
derived from describing the trajectory out to such large distances
is that no artificial dodge need be made to terminate the rise in
order to acquire the effective stack height from which GLCs can be
calculéted.

Suppose the plume reaches the ground at time t = t* then t*#

is given from the solution of
+, * -
A = z2(t7) (5.35)

r(t) is given by either equations (5.24) and (5.25) or (5.30) and
z{t) given from either (5.27a) or (5.32a).
. : . . .
The solution of equn. (5.35) results in values of t which may

be quite large especially for very hot sources and weak convection.
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This suggests it is necessary to use equations (5.30) and (5.32a)

to describe the trajectory at these larger distances. It must
further be added that because the equations describing the trajectory
result in the plume remaining buoyant for considerable distances

from the source there may be a confliect with some plume rise formulae.
Some theories terminate the rise at distances much nearer the source,
and if one decided to use these formulae then the appropriate
procedure for calculating GLCs would be that discussed earlier in

the passive plume theory.:. Under the type of conditions envisaged
here i.e. light winds and low levels of turbulence within the
subsiding environment then hot plumes might conceivably travel the
distances required.

Hence from equns. (5.32a) and (5.30)

(3>o<f'}_ )"’()g)zla e b ™)
200 [<2/§tx)+ 2(e™ l)/(it*ﬂ"i@bg)/o() (5.36)

Now -Ao ,'K' and K are all directly proportional to' B .
Hence given (FO/UBE) there exists a unique value Bt¥* satisfying
equn. (5.36)f ‘

With the top hat profile and assuming complete reflection at

the ground then max GLCs are given from

(5.37)

) 2@(‘-6‘)6:3‘&,' ;
CM&* = Tonrene f

The factor f takes into account wind directional changes
causing lateral plume meandering over the sampling period. For
sampling times of about 5 minutes f=w1 and for periods of an

hour - i.e. over the passage of many thermals f=3 ., (N.B. f
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is analogous to (oz/oy) ). Plume depletion is accounted for by
the exponential decay term and the probability that the plume will
be emitted into the subsiding layer is quantified by the (1-~0)
factor. This follows in an identical way to that used in deriving
equn. (5+10) o

The point of max. GLC is given at

x*=0t* (5.8)

5.4 An alternative model of buoyant plume behaviour

It is acknowledged above that the plume may be required to
remain buoyant for periods longer than some popular plume rise theories
predict. Hence an alternative treatment of calculating GLCs is
now given where the plume rise is terminated nearer the source.
Briggs (1969) developed a two~stage model of plume rise in which the
initial plume trajectory is given by equn. (5.34). In the second
stage mixing is dominated by the inertial subrange of atmosbheric
eddies. The final formula for the trajectory is complicated, but
is simplified by Briggs when he notes that the fin;l rise may be
approximated by projec@gau%he first phase trajectory up to a distance N

x = 3 where X

R is the transition distance between both stages.

R
Hence total rise plus stack height (h) is given by

H'iﬂ = h+ 1'85,”3(37(«)2’3/0 s o= o°5‘ (5.39)

Now JLROC'F02/3h3/5 and he notes that for many of the larger

installationé 3xR = 10h . Then

= he t8E B0k U (5.40)
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Implicit in equn. (5.40) is a proportional felationship

between Fo and h , for larger plaﬁps. Here we shall extend
equn. (5.40) to cover a wide range‘of heat emissions for a fixed
chimney height (h = 40O feet). This will overestimate the plume
rise from the smaller installations (assuming equn. (5.39) is true)
but the differences within the model will be smaller than the
differences whigh become apparent when using the procedure outlined
earlier. Brigg's data upon which he bases equn. (5.32) barely
covers distances greater than 4000 feet from the stack and it was :?‘C
noé conclusively shown that any of the plumes from the smaller
instéllations had terminated their rise before this distance.
Hence there is as much justification to date in using equn. (5;40)
with h = LoO feet/ as there is in using (5.39) exactly. The
resulting formula is typical of other popular formula of the 1/u
type'é.é. Lucas (1967) takes plume riseOCEfufl .

Equns. (5.30) and‘(5.32a) giveﬁ'the final height and radius

of the plume at time
tr = 'x,_/U = IOh/U = Q.OOO/U secs

Hence

-ot: -
olr e/ Yotr 3__6 3 23
Ho = 400e ™= K(1-€ )+(2w) 3@@

and

o G5 )]

To solve equns. (5.15), (5.16) and (5.17) we take
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205, = Oy, = 210x) , Q=0 , Q=005 X~4000
€= M0wf/U0 | O:1-¢ | \{1 - Mo/ Uao2iz ; o:0-5

5.5 Values of atmospheric parameters

/3

Estimates of B where Ve(z) = —le and hence also A_ ,
A and K are now made.

From Scorer (1969) it can be shown that

e - - (R e 2

where Hy is the heat flux from the surface, p is the density of
air, cp specific heat at constant pressure, T absolute temperature
of the air, and the number 0.l characterises the geometry of
environmental thermals. For conditions of strong convection Hy

might be 40 mw em 2 giving

%03 = "4WGZW@WFU» cm. seo T

For a constant heat flux B increases as the proportion of sky
-occupied by thermals increases,
Also w(z) = (l—c)Ve(z)/c where w(z) is the velocity of ascent

of the atmospheric thermals.

Values of Vo(z) and w (z) for various o are given in Table (5.1),"

for H;= L0 mw c:m_2 , and for heights of 100 and 500 m above ground.

Table 5.1
o 1/10 175 173
v(z) | 100m 10 22.9 45
cm 571 500 m 17.1 38.5 7
w(z) | 100 m 89.7 89.7 89.7
em s 500 m 153 153 153
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Scorer suggests that o < 1/3 and so typical values of strong
rates of subsidence would be 25 cm s—l at 100 m above ground.
The velocity of ascent of the thermals is close to values measured by ‘arner

and Tellford (1967)«f approximately 1 m, seo T,

5.6 Results of calculations of max. GLCs and distance of max. GLCs

Results derived from the theory leading to equn. (5.35) are
given in figs. (5.6) and (5.7). For this case given a chimney
height h theﬁ (CMMUU)/ZGXI‘O') becomes a function of a single
pax.'a.meter /u = Fo/()p"‘. e shall assﬁme £=1/2 and A= 0.5

Curve I on fig. (5.6) shows JZ==«}meﬁyZQﬂ—o? against u .
As p decreases either through decreasing the heat content of the
gases FO , or incfeasing the intensity of subsidence 8 , or wind
speed U , then vincreages‘-

‘The curve on fig. (5.7) shows Bt* as a function of u from
which the point of max GLC can be found, for h = LOO feet.
Comparison of the above results and those deduced from solutions of
equations (5.15) and (5.16) are shown in fig. (5.6) by curve II.
Here it is necessary to make estimates of the variables U , B
ete. before a solution can be found for each case. Consequently
typical values representing conditions of light winds and a strohg

velocity of subsidence were chosen. The values were —

V=10 -‘ft,s-‘ , F.—O-IZ .fat‘l'?s'l Jh=800 ~ (5.0)

The abscissa is given by the second scale which gives the heat
content of the gases for these fixed meteorological conditions. The
largest values are-appropriate for large power stations. The
results show that for the larger heat sources ground level concentra-—

tions are higher than those given in curve I. This is expected
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Fig (5.6) From curves I and II the maximum hourly ground level
concentrations can be derived for given plume and atmospheric conditions,
Curves III (a), (b), and (c) give the ratios of the maximum hourly ground
level concentration with convection to that without convection, .Two
ubscis.sa. scales are given, The first is givep in terms of (F-O/Ufaz) :

and refers only to curve I, The sccond scale is in terms of the initial
heat content of the 'chimney gases for _ﬁ_x_é_d_ values of U and F and

refers to all the curves. Chimney height is 400 feet .
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.chimney gases for fixed values of U and P,

Chimney height is 400 feet,
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because the plumes are assumed to stop rising much nearer the
source.

The effect of convection is demonstrated by observing the ratio
c /Gt where C'max is the max GLC obtained without convection

max’ = max ’

and for comparative purposes again plume rise is assumed to
terminate at a distance 10 stack heights (4000 feet) from the
chimney.

Then with o, = %cy = a_x we have
Chax = 26/(re’)-(1/2)

Hy given from equn. (5.40).

Fig. (5.6) shows the ratio with the ordinate scale remaining
the same. Curves III(a) and ITII(b) show Cmax/C'max as a function
of heat content of chimney gases, conditions (5.41) applying. These
curvés were compounded from curves I and II respéctively. Both
curves indicate that the largér heat sources are the least affected
by convection. Even so for the larger sources in strong convective
conditions it seems hourly max GLCs may be increased by a factor of
2 or 3.

Fig. (5.8) shows the distance of max GLC for convective and

non-convective conditions. Without convection the point of max GLC

is given by
Xth - (Hl/ao‘dz)“ Xo - \ (5,42)

where o Joo. = 3.0 =ax and X is the distance of the virtual
z'y 7z o o
origin to the real source. i.e. x = (cz /ao) - L4000 (feet) .
: o
The abscissa is again given in terms of chimney heat flux for

U =10 ft/sec and 8 = 0.12 £t2/3 sec™l , h = 400 feet .
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Curves I(a) and II(a) correspond to the max GLC as calculated
from curves I and II in fig. (5.6). Curve B is the curve from
equn. (5.42). | ’ |

As expected,for curve II(a),the point of max GLC is much
nearer the source in convective conditions due to subsidence. For

curve I(a) the effect is not so marked because the plume is assumed

to be continually rising.

5.7 Peak ground level concentrations

To estimate peak GLCs it is assumed that the gases in the
subsiding environment are not depleted as they travel downwind i.e.
they do not collide with any thermals. The probability that this
occurs reduces as the chimney height or buoyancy flux of the gases
is increased. Heré because the plume always remains in the
subsiding air_‘ we are essentially obs.erving an ins{;antaneous plume
in so far as we are not integrating over'the passage of many |
thermals; Hence, for the passive plume, the compression produced by
subsidence not only reduces the vertical dimensions but increases the
lateral spread. The motion 1is incompressible and so volumes are
conserved. Hence the spread varies as —

do,[dt = (do-z/d't) - =G

Y=o ‘ : (51+3)

Ao, [ dt = (d%/d;t)a:o *‘_)\0‘J - (544)

With (do_/dt) =Ua_ and (do_/dt) ¥ Ua; then the
3 =0 . A
solutions of equations (5.43) and (5.44) are
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0= 5o+ (V06 N(-E) O fero) -

With o, and o, given above then axial GLCs are:-—

-Ho/202
& z
((2,0,0) = onog, © (5.45)

Where x is-distance from where plume becomes passive = Ut .
Equn. (545) is identical to equn. (5.10) with the depletion

. terms missing. fg find Cmax equn. (5.45) is differentiated w.r.t.
x and equated to zero. For peak GLCs ao/al.=' 1.

‘The alternative and less tedious approach is again to suppose
the plume remains buoyant until its lower edge reaches the ground.
Here the appropriate equations are (5.24), (5.25) and (5.27a).
Because thé buoyant plume is not depleted, it travels further before

reaching the ground.

‘Then r(t#*) = z(t ) gives

AU NS e (o
20% (I - _(jc(kot)/o())

- and peak max dLCs given by
peak |
(: = ‘{ with -f =
Max U T ,r(t* l
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Peak to Mean max GLCs calculated over the whole range of heat
emissions in fig. (5.4) are practically constant at a value of L,
aithough the point of peak ﬁax. GLC occurs slightly further from the
chimney because the gases remain buoyant longer.

Peak max GLCs derived above may also be indicatiye of an
enviromment which is gradually subsiding without any thermal activity
taking place e.g. anticyclonic conditions. Assuming that the
subsiding environment is still well described thvough Ve(z)OC zl/3

then max. 1 hourly GLCs would be about 3 of the peak values given

here, for these conditions.

5.8 Thermal convection without environmental subsidence

It is also possible to have a convective atmosphere in which
thefe is no subsidence, as described in the intrqduction. Here the
loss of air to the thermals is compensated for by a horizontal inflow
into the convection field. If we assume that the same amount of .
material is entrained‘into the thermals as before then we can derive
results for Cmax etc. Here we are obliged to use the two phase
plume model because without subsidence a rising hot plume will not
reach the ground in the manner described before. The plume trajectory
is given by equn. (5.31) with w = 4z e actual velocity of rise. :

dat

So from equn. (5.31) we have
Ho = h e (86 Jauas) e, (05 (5t (€)™

and plume rise is again terminated when t_ = 10h/U .

T
Strictly speaking the termination of plume rise criteria only
applies to plumes in a non—convective field with no buoyancy

depletion but the errors involved are insignificantly small.
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Axial max GLCs are given by

' KU ~Ho[20 Bt
(000 = 8(-0) e "¢ _/ e

UUC%C&
x is measured from the virtual source. to is the time taken for
the plume to travel from the virtual to the real source. QeAto

is the virtual source strength to take into account the fact that
the plume does not undergo any depletion between the real and virtual

chimney.

Here we have taken ¢ = a x, 0 = a.x c Jo =a /a
: 2 Y o 1

oY Ty 17 Tz
and with ’

¢ - BaxfHo , be WH/UWRTZ

for max GICs dC/dx = 0 gives

954'41 +.f¢¢m3 = ’ (5.46)

where ¢M = Ool\ri?(m'/Ho and so
= 29(1-9) 0,
Coo= rigpss ¢ &

and

o (BYer Mo myin g,

- m
C'max Ho

. -1
t, 1is given from t_ =u (r(tT)/ao 10h) .

Hence solving equn. (5.46) for o given ¢ then equn. (5.47) is
obtained..
Values of the ratio equn. (5.47) are shown in fig. (5.6) as

a function of heat emission by curve III(c). Here we have taken
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U =10 ft/sec, 8 = 0.12 #6273 seed and h = 400 feet. The

results show that max. GLCs will be reduced by up to 50%. The
slight increase in the ratio with ﬁeat emission reflecté the fact
that the rate of depletion decreases with height above ground. Also
the point of max. GLC approaches nearer the chimney. Curve IV in
fig. (5.8) shows x max against heat emission with,the ébove fixed
_meteorological parameters. |

The greater vertical expansion ensures that X max may still’
approach as near to the chimney as observed for the case with

subsidence (i.e. curve IIa).

5.9 Effect of increasing chimney height on max. GLCs

Increasing the chimney height will reduce max GLCs., the
reduction being greatest for the smaller heat sources when plume rise
is small. For large sources, because the plume rise is large, |
especially in light winds the advantages of increasing the stack
height are small. These remarks apﬁly to non—convective as well
as convective conditions. With strong convection thé improfements
in incfeasing stack height will be greater because again plume rise
is reduced. So assuming the plume remaiﬁs buoyant until it reaches
the ground the ratio of max GLCs for a 800 foot to a 400 foot
chimney are shown in table (SZSL . The ratios are given for various -
values of the parameter (FO/UBQ) and in terms of heat content of

2/3 —l'. The ratios

gases for U =10 £t sec T and 8 = 0.12 £t2/5 see
for a non-convective atmosphére ére also shown for comparative
purposes for the same fixed meteorological conditions.

- As expected the improvement decreases the larger the source, or
weaker the convectién. The improvements are comparable with those

expected in a non convective atmosphere, however in absolute terms the

reduction in max GLCs is much greater for a convective atmosphere.’
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TABLE 5.2

Ratios of max GLCs for a 800 foot to a 40O foot chimney -

10—3FO/62ﬁ , 2.98 29.8 298.1
. -1 ) 5 6 : ({
Heat content cal s = (u,B fixed) 10 10 10
Ratio With convection 0.56 0.67 0.81
Ratio Without convection 0.2 *0.55 - 0.69

5.10 Observations of plumes in convective conditions

Halliday (1968) presents measurements of the rise of plumes
and GLCs around a power plant in Pretoria; The plumes were studied
during summer afternoons under strong coniréctive conditions.  Plume
trajectories were noted to be often convex rather than concave to
the ground the reason being that thermals often take plume segments
to greater heights. A series of photographs identifies this
phenomendnquite clearly. It was noted that those segments. not
carried aloft reached the ground relatively near to the stack, in
the manner suggested by the theory. Halliday compared his pIUﬁe
rise measurements with the Lucaé Moore Spurr (1963) formu}a and
demonstrated that the plume rise here was higher! Later he notes
that this result came from including in the measurement of plume
rise the upward convected plume elements and suggests. that the
"effective s£ack" height or that needed to calculate GILCs must be
lower. This conclusion 1s borné out by measurements of GLCs made
around the stack. His table 4 shows max. GLCs occurring between 800
and 1600 m from the chimney. (Plume rise measurements were made at
305 m and 1000m downwind - hence the appafent contradictions.) The

chimney here has very much the same dimensions as the Tilbury plant
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discussed in Chapter 2. Both power plants have emissions of aﬁout .
22 MW per stack. The Tilbﬁry stack is 100 m high and the SASOL
stack 76.3 m. From the data of Moore (1974b) max. GLCs. in the
range of wind speeds 3-Tm s_l occur at about 4500 m frém the Tilbury
stack or at 4 times the distance from the SASOL chimneys.

It is also interesting to note that Halliaéy discarded nearly
1/3 of his plume rise measurements made at 305 m downwind in the
wind speed class 2.68 m sL.  He states that "In some cases the
plume travelled with a fairly constant gradient, but in seven cases
the plume rose from the stack vertically to almost ité maximum height
and'fhen bent over. Thus the height at 305 mfdownwind)was almqst
equal to the height at 1000 m{downwind)" This suggests that some
of those T out of 23 cases were probably examples of the plume being
emitted into a thermal and suggests values of o < 1/3 here.

°

5.11 Summary and discussion of results

We have examined the consequences of a special type of convection
on the behaviour of hot plumes emitted from tall chimneys. The type
of convection envisaged is that in which thermals, originating at'
the ground, transport heat and other surface constituents to great
heights. As they rise they amalgamate with each other and entrain .
air at all levels. The enviromment - that is the atmosphere
excluding the thermals — is assumed_to be slowly subsiding, compensating
for the mass flux from the surface.” The convection region is
assumed to be similar at all heights and from the similarity laws
governing the dynamics of isolated thermals we obtain Ve(z) = —821/3 ,

where Ve(z) is the subsiding velocity of the environment, =z height
above ground and B a constant. )
The chimney plume is assumed either to be emitted into a thermal,

in which case it does not reach the ground, or into the subsiding
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environment. In the latter case it 1is depleted by thermals as it
travels downwind and when passive, the plume is compressed vertically.
If the plume remaiﬁs buoyant long énough then max. GLCs can be
parameterised by a single number FO/UB2 ,‘where Fo is the iﬁitial
buoyancy flux paramefer of the chimney plume, and U the wind speed.
It is found that max GLCs are increased over those calculated for

a neutral environment. The effect‘of the convection increases as
Fo/U 82 decreases. vAlternativelyiif the plume is assumed to becdme
passive at a fixed distance downwind max GLCs are still increased.

It 1s realised that there may be occasions when there is thermal
con;ection but no subsidence — e.g. at coastal sites where sea breezes
may replenish the mass flux from the surface. Max. GLCs are decreased
for these occasion;.

The study represents a departure from conventional analyses where
higher max. GLCs are derived by assuming larger value of o, -

The treatment here also provides explanations for occasions when max
.GLCs may be reduced. Here we have assumed a non-preferential dis—
tribution of thermals. If the chimney is situated near a hot spot
favourable for the formation of thermals then the plume may more often:'
than not become entrained into thém on emission and may rarely reach
the ground. Also it is possible that for the larger sources the
plume itself may entrain the enviromnmental thermals becoming
indistinguishable from them and rising to great heights. Conversely
the plant may,be situated in an area not conducive for %he formation
of thermals and thé plume will be emitted into the subsiding air

nost of‘theAtime.
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CHAPTER 6. Conclusion

This thesis has examined the role of atmospheric dispersion
theory in the context of air pollution problems. ?opular models
describing the dispersion of gases emitted from chimneys are only
applicabie for steady, windy, neutral conditions. Howefer, evéh
then, difficulties in estimating ground level concentratipns (GLCs)
of pollution arise because of the paucity of data on vertical
spreading rates at typical chimney heights and above, and because
the final pluﬁe rise of hot chimney gases has not yet been observed.
Cerpainly the models preclude fine judgements on éhimney design for
these occasions., However, for these cases, maximum GLCs may some—
times be obtained{yithin a factor of two and for many practical
purposes this degree of accuracy is adequate. Critical ﬁhreshold
values of pollution musf be shown tp be much higher than the |
estiﬁated GICs from a chimney emission because of reasdns of safety
and the inherent complexities of the atmospheric dispersion processes.
Estimated GICs wi£hin a factor of two would then be satisfactory.
for these purposes. Where estimated GLCs are near given critical
threshold limits then only drastic modifications to plant emission
or chimney height would be satisfacﬁbry.

All these models are inapg;opriate in light winds when
conditions are very unsteady and when extremes of stability may
develop. However for certain purposes, estimates of G;Cs for
these occasions may not be Qritical . For‘examﬁle,(for passive
emissions or for plumes of smallﬁbuoyancy estimates of long term
maximum GLCs (or average 3 minute GLCs) may be got within a factor
of twé of calculations made using vastl&‘different assumptions about
plume behaviour in light winds. Hence provided the models are

reasonably accurate in windy conditions then these estimates of long
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term maximum GLCs may, for many practical purposes, be satisfactory.
When bﬁilding a plant, attention focuses to the potentially
worst pollution which may be experienéed and decisions on chimney
height and location must be made s§ as to avoid or reduce the
frequency of éuch hazards. For many problems it has been found
that these worst pollution episodes occur in conditions when no
dispersion model 1s appropriate and those decisions must be made
by other methods. (This is not always the case. e.g. for hot
gas emissions worst pollution may occur in strong winds when the
plume rise is reduced.) To identify potentially worst hazards it
is necessary to investigate the local weather and topography at the
site of the installation. Then from an understanding of the
mechanisms of dispersion under various weather conditions decisions
of chimney height and location can be made. This information may
be obtained from routine meteorological data, as seen from a study
made at Aughton, and although the data extraction require; considerable
effort it is necessary for most cases. Seasonal and diurnal weather
patterns can bé studied enabling the identification of particulaf
winds, theirJassociated dispersion characteristics, and also transient © -
phenomena - all essential information in assessing pétential pollution'.
incidents. Gross statistics of wind and weather may disguise this
information and are 6f limited value here.
Recourse to experimental field work for particular cases may
not only be desirable but necessary. A field study at Oldham into
the behaviour of airflow around an unusual topographical feature
called Oldham Edge, enabled the identification of those weather
situations when potential pollution problems may arise from an
incinerator to be built nearby. Simple smoke tracer and photographic

techniques were employed and proved quite successful. It 1is
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doubtful whether wind tunnel experiments wouid have proved conclusivé
here. A study of the wind in the area underlined the importance

of the interaction of local weather and topography and provided the
basis for considerations of chimney design.

An extension of plume models to convective conditidns was made
because chimney plume behaviour in these conditions remains largely
unknown, although it is foﬁnd that sometimes thesé are the occasions
when highest maximum GLCs are observed. The model represented a
departure from coﬁventional treatments in which large values of tﬁe
spreading coefficients are assumed. " Here a closer look at the
mechanisms of thermal convection was made, with piume depletion‘by
thermals and with envirommental subsidence incofpofated into the
model. It was shown that maximum GLCs may be higher or lower than
those calculated for a neutral étmosphere according to thé type of
convgction and the thermallproperties of the surroundings. The
model demonstrated the value of generalities 1n these matters, and
indicated that before recourse to a plume model in convective
conditions is made an examination of thé type of convection likely
to be experienced is needed.

Hence the role of plume models is strictly limited. They méy
be invoked in some cases for calculating.GLCs, and may even form the
basis for the decisions on chimney height and location.. However
they should only form one part of a total investigation, where the
potentially worst pollution hazards are identified from studies of

local weather and terrain and decisions made accordingly.
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A study of potential air pollution problems from the proppsed

Aluminium Refinery at Telford, Shropshire

To estimate the air pollution impact of thé proposed
plant it is necessary to study the sources of emission and
how the effluents will be dispersed around the locality of the
works. The former entails a study of the quantity and type
of emission, and the latter a study of the relevant meteorolo-
gical data and topographical influences.

Emissions from the different sources are as given below:

Table Al Fmissions from the Aluminium Refinery

Source with Concentration of gas
Rate of emission in chimney

Mass flow rate

Holding Furnaces -3
35000 c.f.m - 720 mgn m " (50,) 124 1b/hr SO,

Open hearth

Furnaces 720 mgm m-a(SOZ) 88 1b/hr SO

25000 c.f.m Z

Rotary Furnaces -3 |
17000 c.f.m 720 mgm m (SO,) 60 1b/hr S0,

50 mgm m” (NaCl) 4.2 1b/hr NaCl

It is intended that one chimney will serve each of the
three sets of furnaces.

Ground level concentrations (GLCs) of SO2 and NaCl can
be estimated from a knowledge of wind distributions as observed
near the piant for most occasions. These include the occasions
of neutral stability on windyjdays, which are the most numerous.
Estimationsféf GLCs will prove most reliable for long term
average concentrations and for shorter term (3 minute)
concentrations on windy days. For occasions with extremes of
atmospheric stability and light winds one can estimate the
likely chimney plume behaviour, and identify potential

pollution hazards.
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A study of fogs around the area has been made with

special regard to the emissions of salt from the rotary furnace,

The site of the proposed plant

The plant is to be positioned on the west slope of a small
hill of gentle gradient. The highest point to the Eaét of the
plant will be 15 ft above the base of the ingot foundry and
700 feet from the nearest foundry chimney. Being so situated
there will be no local topographical interference on the flow
of gas from the chimneys.

In this connection it is also necessary to examiné whether
or not the refinery buildings themselves will interfere with
the dispersion of gases from the chimneys. Downdraughts on
the lee side of the buildings cause the air above building
height to descend nearer the ground further downwind as well
as to generally increase the level of turbuleﬁce-around the
building. If the chimney is not high enough then the flue"
gases maf be prematurely brought down to the ground near the
chimney in a relatively undiluted state. To avbid such
occurrence it has been found desirable in‘practice to build
chimneys at ieast’Z% times as high as buildings adjacent or
attacihed to them. The foundry building is 50 feet high and
so in this case chimneys should be at least 125 feet high to
avoid such hazards. |

There is no high ground near enough to the plant(see fig(Al5))

to intercept the plume prematurely and cause undesirable fumigations.
As it is, the plant will be situated in gently undulating
. countryside and the wind will follow the grouﬁd contours qﬁite
truly. Hence one is justified in modelling.plume dispersion
as if the chimney were sjituated in a dead flat plain. These 1last

remarks may not be true for stable drifts of air and this is

discussed later.
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Wind frequency analysis

Wind records from Shawbur§ Airport,about 12 miles NW
of the Aluminium works,have been used in the analysis of wind
frequency distributioné for this area. Observations studied
cover the period 1962-71 and it must be remarked that wind
frequencies can vary from decade to decade. Therefore very
precise conclusions must not be sought from the statistics.
TabieAz shows the percentage wind frequency distributions by
month for winds from each 30° sector.

Winds from the WSW and W are most frequent over the year;
WSW winds being more frequent during the summer months, Winds
from the south are the next most frequent. They occur less
frequently during the Spfing and Summer.
| NNW winds are most consistently frequent during the early
Spring and N winds are most evident during the Spring and
Summer.

Easterly winds occur predominantly in the Spring.
The most infrequent winds are from the NNE, ENE, ESE, SSE
and WNW directions but winds do occur from all direcfions.
Most notable,is that between 070 and 020° they are 1less thén
half the average frequency and from 230-250° they are more than

1.5 times the average.

Wind frequency by month and time of day

Fig (A1) shows wind frequency distributions for the four
representative months January, April, July and October by
direction and speed range every 6 hours during the day. Isopleths
of.frequencies of occurrence of concurrent wind speed and :
direction have been drawn at intervals:- |

| 0.3, 0.9, 1.5, 2.1 days per month
which is equal to 7.2, 21.6, 36, 50.4 hours per month



Percentage wind frequency distribution by month for winds from each 30°

Table A?

sector. Shawbury 1962-71
Direction 350- 020- 050- 080- 110- 140- 170- 200- 230- 260- 290- 320- Calm Winds

010 040 070 100 130 160 190 220 250 280 310 340 1-3 kts
Month N B - S W A
Jan 4.5 3.7 4.6 6.5 7.2 9.8 11.8 7.3 11.9 11.3 5.2 5.3 [11.5 11.7
Feb 6.9 3.8 6.310.9 7.8 5.4 5.9 5.0 11.8 12.7 7.2 9.3|7.0 9.2
Mat 7.0 3.9 4.,511.4 6.1 4.6 6.6 6.2 12.4 13.3 8.1 9.1|6.8 7.0
Apr 8.3 4.6 5.1 10.0 5.8 4.4 7.3 7.0 12.5 10.9 6.2 9.3|8.5 7.8
May 8.8 3.1 4.1 7.8 4.4 6.4 10,1 9.2 13.6 9.6 5.0 7.7 [10.0 10.0
Jun 8.8 2.8 6.2 7.8 4.0. 4.7 8.3 8.9 15.2 9.9 5.1 7.710.7 10.8
Jul 9.5 2.5 2.5 4.1 3.3 3.8 6.9 .7.7 16.5 13.0 8.4 10.4 [11.5 11.0
Aug 9.1 4.0 3.3 5.6 4.1 5.4 8.5 6.2 14.2 15.9 6.6 7.1[10.0 11.5
Sep 6.5 2.8 2.7 4.8 5.9 7.0 10.2 9.2 14.5 11.9 4.5 5.0 [15.1 12.3
Oct 3.7 1.1 2.8 6.2 6.5 8.5 11.2 9.6 16.8 11.5 3.3 3.8 [14.9 13.3
Nov 8.3 2.7 3.7 6.5 6.7 6.1 8.5 7.6 12.5 11.6 5.7 8.8 [11.4 11.5
Dec 7.4 2.1 3.3 6.1 4.8 6.4 9.4 7.3 11.9 12.7 8.2 10.6 9.9 11.6
Year 7.4 3.1 4.1 7.3 5.5 6.1 8.7 7.6 13.7 12.0 6.1 7.8 [10.6 10.6

Percentage frequency of occurrence of winds > 4 knots,

- O‘f]'[ -
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(1) Januari

Two main wind systems are observed throughout this month;
winds from the S/SSE and winds from WSW/W.

S/SSE winds are most frequent during the afternoon and
early evening, They are generally lighper (especially at night
and during the morning) than the -westerlies. .

WSW/W winds are most frequent during the night but often
persist throughout the day. They are slightly stronger than
the é/SSE winds, being strongest at night and during the early
afternoon,

(1) April

Three main wind systems are evident during this month.
They are winds %rom the E, W/WSW, and N/NNW.

The easterly wind is 1ighte¥ (especially at night) than the~
other winds and is most evident during the afternoon and evening.

W/WSW winds are most frequently observed at night but are
still strongly evident throughout the day.

N/NNW winds mostly occur duringthe afternoon and early
evening. Both SW and NW systems are freshest during the ddy}

(iii) July |

Winds from the W/WSW and N/NNW are most evident during
this month. The W/WSW wind is stronger and slightly more frequent .
during the day. The N/NNW system appears during the morning
and is most‘fréquent and strongest during the'éfternoon. It is
quite infrequent at night. This wind is probably the sea bree:ze
‘surging inland from the NW coast being channelled by the
Welsh mountains to come from a more northerly point.

(iv) October
W/WSW winds again are strongly evident throughout the day,

' being strongest during the afternoon. Lighter and less frequent
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S/SE winds are also observed during the day,being most
frequent in the early afternocon and at night.

Light winds -

Fig (AZ)shows the distribution of winds of speed 1-3 knots
by month and direction every three hours during the day ofer the
period 1962-71. | -

Isopleths of frequencies of occurence of winds from
different directions at different times have been drawn at
‘intervals

0.3, 0.6, 0.9, 1.2 déys per month.
which is equal to 7.2, 14.4, 21.6, 28.8 hours per month

Light winds are least frequent during Februéry, March and
April /' but when they occur they are most frequent at
night and mainly from the east.

During June, July and August they are observed'mainly
frbm an hour or two before midnight till 0800 or 0900 GMT.
Winds are mainly from the East, N/NW and South. The northerly’
drift does not last for more than three or four hours around
midnight.

During October, November, December and January light
winds are predominantely from the SE and although most frequent
between midnight and 0900 GMT extend from the early evening

especially during October, January and Deéember.

Strong winds

Fig (A3) shows the distribution of winds greater than
17 knots by month and time of da;,. Isopleths of frequency of
occurrence of winds from different directions at different times

have been drawn at intervals

0.4, 1.2, 2.0 days per month
which is equal to 9.6, 28.8, 48.0 hours per month
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Strong winds are less frequently observed during the
night in most months. They are predominantly from the south
west and are most frequent in March, August, September and

October,

Summary of winds

Winds during the Summer and Autumn are more structuréd
and persistent in direction than during the Winter and Spring.
The W/WSW wind is the prevailing wind and is evident

throughout the year. During Summer and Autumn they are
sliéhtly more frequently observed during the day when they

are stronger. They will promote good mixing during.these times.
During Winter and Spring they are observed élightly more
frequently at night when they are often quite.strong.

" S and SSE winds are observed in Winter and Autumn. They
are lighter than the SW winds and are more frequently observed
during the afternoon and at night when they will be more
stable. |

N/NNW winds are observed duriﬁg Spring and Summer. They
occur predominantly in the afternoon and early evening and will
be fresh and promote good mixing.

Easterly winds occur in Spring afternoons and are lightér

than the prevailing winds at these times.

Fog frequenby analysis

Fog frequency data for Newport, Shrewsbury and Shawbury
have been analysed. Shawbury records observations made every
3 hours during the day at 00, 03, 06, etc GMI', and the other
two stations at 0900 GMT only. Fog data for Bridgenorth and
Wellington is very incomplete. The climatalogical stations

are shown in fig(Al5) in relation to the aluminium refinery.
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Fogs over the years

Fig (A4) shows the number of days each year when visibility
was recorded as less than 1000m at Shawbury, Shrewsbury and
Newport at 0900 GMT. Over the twenty year period'fogs were

observed for

21.8 days/yr at Shrewsbury
20,3 days/yr at Shawbury
13.3 days/yr at Newport

Year by year trends are similar for all three stations.
Fogs at Newport occurred for only 63% of the time as observed
- at the other two stations. There is good reason-to believe
that fogs occur on the same occasions over this area and that
inferénces about the Telford area can safely be made from the

Shawbury statistics.

Annual and diurnal variation in fogs

Figs (A5) and (A6) show isopleths of the number of days/year
when fogs were observed during each month throughout the day
at Shawbury. Observations cover the ten year period 1960~71.
Fig (A5) refers to occasions when visibility was recorded as |
less than 200m and Fig (A6) to occasions when visibility was
greater than 200m but less than 1000m.

Both figures show that fogs are more frequent during the
Autumn and Winter months occuring most frequently from midnight
to 0900 GMT; Thick fogs are most frequently observed in
October where they are observed on average on five occasions
over a 2 year period at 0600 GMT.

Almost all these fogs are radiation fogs produced by ground
cooling on clear nights., During the winter mohths thick fogs
are not as frequent as during October, however they persist

longer throughout the day as they are less readily dispersed
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by the reduced solar heating at this time of the year. This
is reflected in Fig(AG) where ﬁany of these occasions will be
the thicker early morning fogs dispersing and thinning out.
They are seen to be mofe readily dispersed during September

and October mornings.

Depth of fogs

It is not possible to estimate the depth of the fog layer
from meteorological récords alone. Most radiation fogs will
be of the order of 100 feet thick. One indication is given
from observations at the time of whether the skyvis discernible
or not. TableA3 shows the number of occasions, by time of day,
from1960-71, when the sky was reported as discernible or not

discernible when Visibility was recorded as less than 200m,

Table A3
Time GMT 12 15 18 21 00 03 06 09
Sky discernible 4 1 2 8 7 40 40 17

Sky not discernible 6 5 18 21 43 60 76 38

At 0600 GMT on over % of all occasions when visibility
was less than 200m the sky was_discernible-indicating that the
fog was relatively shallow. Fogs always become thicker after
sunrise because of the tufbulence caused by the ground becoming

warm, and they are usually dispersed soon afterwards.

~

Drift of foés

When visibility was less than 200m,as observed at Shawbury,
a mark has been entered in Fig (A7) against surface wind speed
and direction as recorded at that time, The observationslgover
the years 1960-71. Océasions whén calms were recorded have
not been included here,

It is seen that on 47% of all occasions the wind was



..11}6..

observed to be blowing from the 90° sector (075—165) i.e.;
from the South easterly quadrant. This result was anticipated
from the frequency of 1light ﬁinds as observed at Shawbury
Fig (A2) during this time of year.

It is noteworthy, theréfore, that yheﬂ there is a’signi-

ficant drift of the fog it is nearly always from the SE quadrant.

Calculation of GLC of NaCl and SO2

(a) Neutral Environment

Gaseé from the fufnaces will be emitted at a temperature
of 180°C. Hence they will be buoyant and rise, until well
diluted through self induced mixing with the colder ambient
air, when their rise will terminate. Then they will be diluted
passively by the wind and atmospheric turbulence. Eventually
they will be mixed down to the ground in a diluted state some
distance from the chimney. The higher they rise, the more
diluted and less concentrated they will be when they reach the
ground ,because they will have been mixed through a greater depthl
of atmosphere.. |

The wind dilutes both hot bﬁoyant gases and'passive plumes
by mixing them into a volume pfoportional to the wind speed.
Hence increasing wind speed produces two opposing effects on
GLCs. It reduces the buoyaﬁcy of the hot gases and hence their
thermal rise, but it also reduces the concentrations of pollutant
within the fassive plume. This means that there is a critical
wind speed at which maximum GLCs are to be expected.

Fig (A8) shows a plof of maximum 3 minute GLC of S0, from
the various sources as a function of wind speed.

For wind speeds less than 10ft/sec GLCs are relatively low
for all emissions on account of the fact that plume rise is

high then. As the wind speed increases so do GLCs until the
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critical wind speed is attained. "Thereafter GLCs decrease,
eventually as the reciprocal of wind speed, as a consequence of
the dilution of the passive plume. The critical wind speed
is greater;lthe greater the amount of heat emitted.

Table (A4) shows absolute maximum GLCs at the criticali
wind speeds for emissions from the three furnaces calculated for

chimneys 150 feet high,

Table Ak
Critical wind speed | . _. -3
Furnaces (ft/sec) 3 minute max.GLC ugm m
Holding 27 . 308
Open Hearth . 24 246
Rotary Z21 192

" The resulting total GLC from the three chimneys is also
shown on fig (A8), This curve is not simply the result of the
addition of the three separate emissions, because the maximum_ 
GLC for each stack at the same wind speed occurs at different
distances from the source. The critical wind speed is 27 ft/sec

and maximum GLC on this occasion is 675 ugm m” 3,

Frequency of occurrence of peak concentrations of S0,

From a knowledge of the frequency distribution of winds
from different sectors it is possible to estimate the frequency
of occurrence df the worst GLCs. | R

Also plotted on Fig (A8) is the percentage frequency of
occurrence of different wind speed ranges over the year as
recorded at Shawbury. Winds between 11 and 16 knots are quite
frequent, occurring for 22.2% of the time, taken over all
directions.

Fig (A9) shows the distribution by direction of the number
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of hours per year when 3 minute GLCsof 802 will be observed to

be greater than 600 ugm n3

at some distance from the source in
those sectors. Places to the ENE of the plant will receive
overall such concentrgtions for 36 hours/yr, or for 0.4% of the
time. The distance at which this occurs is between 3500-4000 ft
from the plant.

(b) Stable environments

Under these conditions turbulence is suppressed, winds are
light, and pollutants emitted into the air sﬁffer very little
dispersion. It is under these conditions that emissions from
low-level sources often accumulate to cause episodes of high
pollution, Emissions from the refinery will not be mixed down
to the ground and its contribﬁtion to ground level pollution will
be zero. However when the air is drifting towards higher ground
the lower layers tend to drift around rather than over such
obstacles whilst the upper layers, carrying the relatively con-
centrated plume will impinge on them.

These conditions are typically observed on clear nights and
in the early morning when ground cooling has cooled tﬂe lowest
layers of air and stabilised the atmosphere. The height of this
stable layer will increase during the night. Fig (A2) shows that
light winds at night will mostly drift from the south and east
quadrants. Plume rise however will be high because winds are
light althodgh the stablé air will impede the upward progress of
the gases. Typically the plume will reach a height of SOOft
above ground, in these coﬁditions, and will often escape the
ground based inversion, to be effectively dispersed above it.
The higher ground 4 to 5 miles to the west of the plant may
occasionally be affected in the way described above_but the

likelihood of such events will be low.



- 149 -

In the morning the sun wafms the ground which in turn warms
the surface layers of air. This produces convective currents
which begin to destabilise the surface layers through mixing.
When this mixing layer reacheg the height of the high level
emissions they will be brought down to the ground in a relatively
undiluted state unless they rose above the inversion. .This is
known as fumigafion. High concentrations will be experienced
for a short period of time until the fumigation is complete.

(c) Unstable convective environment

These conditions ére common during sunny summer afternoons
when strong solar heating warms the ground which in turn warms
the surface layers-of air and produces upward conﬁection currents.
Fig (Al) shows that at these times a fresh NW wind is often
evident and-wili promote good mixing. Maximum 3 minute GLCs are
not expected to be higher than in neutral conditions at the.same-

windfspeéd.

Combining emissions

GLCs may be reduced by either raising the height of the
chimneys or (when the gases are hot) through combining the
emissions such that they are emitted together from a multiflue
chimney. In the latter case the hot gases will mix with each
other instead of with the colder air as occurs when they are:
emitted from totally separated chimneys. Hence they remain
warmer for a longer period ofjtime and rise higher. In Fig (A8)
3 minute maximum GLCs produced from combining the emissions have
been drawn against wind speed for a 150ft high multiflue chimney.

GLCs are reduced for all wind speeds especially for the
lighter winds., For an average wind of 15ft/sec Concentrations
are reduced from 350 ugm m-3 to 125 ugm m-s; The critical wind
speed is increased to 35ft/$ec producing a maximuvaLC of

522 ugm m'3. Further the frequency of odcurrence.of these

stronger winds is quite low. Winds greater than 29ft/sec
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occurring for 8.5% of the time over the year.

Annual average GLC

The sum effect of combiningAemissions is reflected in the
annual average GLC of SOZ. These have been calculated for winds
from the 30° sector 2250-2550. Winds from this seétor are
most freqﬁent during thé year occurring for 13.7% of the time,

Fig (A10) shows a plot of calculated annual average GLCs against
distance from the source for separated and combined emissions.

It is observed that concentrations are nearly halved at most
distances from the source. Maximum GLCsfor éeparated and combined
emissions are 8.5ugnm n” 3 and 5Sugm m-3 respectively, occurring
about 3500-4000 ft from the plant to the ENE,

Fig (All) shows the maximum annual average GLC by direction,
Places to the SW of the refinery receive relatively small GLCs

due to the fact that NE winds are quite infrequent,

Ground level concentrations of NaCl

Salt is emitted from the rotary furnace at a rate of 4:21b/hr
at a concentration of 50mgm m'3. Hence salt GLCs are approxi-

mately'%? of the SO, GLC from the rotary furnaces. From

2 :
Fig (A8) we see that the critical wind speed for emissions from
a 150ft chimney serving the rotary furnace, the maximum

3 minute GLC of salt will be 13.6ugm m °.

Fig (Al12) shows isopleths of annual average GLC of salt
obtained from the distribution of winds as observéd at Shawbury.
The pattern reflects the frequency distribution of winds with
a maximum GLC of 0.1l6ugm m'3 occurring in the ENE at about
4500ft from the plant, |

The calculations were made on the assumption that thé sélt

particles behaved as a gas (which they will if submicron) and

that they are not absorbed at the ground. If absorption does
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take place then GLCs are reduced. If the absorption weré
100% the GLCs would be halved - the same applies to GLCs of-
SOZ’ In that case the‘deposition rate at the ground will be
greatest. Then at the worst wind speed the deposition rate
will be 6.3 mgm n % hr'l at about 3000 ft from the plant.

If emissions are combined the worst 3 minute GLCs of salt
will be reduced from 13.6 to 10.4 ugm m'S and annﬁal éverage

GLCs from 0.16 to 0.13 ugm m -.

Effect of different heights of emission

The effect of different heights of emission is demonstrated

in Table A5 and Fig (A13)

~Table AD

Average 3 minute max GLC

Chimney height (ft) 100 125 150 175 200

of 502 in sector 050-070 740 540 420 340 280
#gm m™3 : '

The GLCs in Table A 5 refer to the maximum 3 minute
concentration one would receive if onewere always positioned
at the point of maximum GLC when the wind blows into that sector.
| Figv(Als)shows a plot of maximum 3 minute GLC of S0, against
wind speed from all chimneys for different heights of emission,
from which it can be seen thaé there .is a very obvious law of
diminishing'return if the height is taken beyond about 150 feet.
For a cool passive plume GLCs are approximately proportionél
to the inverse square of the chimney height. For a hot plume
the same does not hold as, in the case of light winds, the
rise is so great that the height of emission is not that critical.
All calculations have been made on the assumption that the

plumes from all three chimneys are fully coincident at the ground.



The three chimneys are aligned east-west and are separated

by distances of 50 feet and iSO feet respectively. This
separation is not enough to signifitantly separate the plumes
when they reach groﬁnd level as their horizontal extent will

be much larger - about 300-400 feet acfdss-wind. Chimney |
separation greater than 400‘feet is needed to separate the

plumes at the points of maximum GLCs for the case of the wind
blowing perpendicular to the line of the chimneys. However,

for the present case, across-wind areas affected for 3 minute GLCs
wiii be reduced to approximately % of the fully coincident model.
Further,no account has been taken of the e ffect of possible
amalgamation of ‘the buoyant plumes at some height above emission.
This is clearly possible when chimneys are all aligned along the
wind and will cause the gases to remain warmer for longer
periods of time through mixing with each other. This will
enhance plume rise and reduce GLCs as in the case of emissionh>

from a multiflue chimney.

S0, maximum permissible GLCs

No specific figure has been produced above which GLCs
of SO2 have been considered to be too high. Much depénds on
the locality of the plant in relation to existing sources of
pollution and also the geographical positioning of the plant.

Howevéf current opinion suggests that an average maximum
3 minute GLC of SO, should not exceed 450 ugm n” >, Other
estimates state that the 1 hour mean GLC plus the background
concentration should not exceed 400 ugm'm-S. Further
recommendations state that the average maximuﬁ 3 minute CLC.
Should not exceed é%-of the threshold limit for an 8 hour

working day exposure. This works out to be about 475 ugm m™2
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These maximum permissible GLCsiwill be satisfactorily
achieved for the three 150ft chimneys in this case. Three
minute maximum GLCs will be up to 50% higher than the average
values stated in Table As on many occasions, but the threshold
values leave a very wide margin of safety and there will be
no hazards. Background concentrations and concentratiéns
against sampling time are discussed later.

If emissions are combined then the higher plume rise will
reduce the‘mean GLCs as described earlier and the chimney need
not be quité so high iﬁ this case. The corresponding figures
for table A5 . with regard to emissions from multiflue
chimneys of height 150 ft and 125 ft are 170 ugnm m-3 and
194 ugnm n" > respectively. ' |

Salt, being less toxic than SOZ’will not cause any
undesirable effects when SO2 GLCs are acceptable, especially
as salt GLCs are significantly lower, Salt emissions in foés

are discussed next.

Plume behaviour in fogs

On occasions of radiation fogé, the wind speed 1is
necessarily very low and gases from 'the chimney will rise
almost vertically. However their rise will be impeded througH
mixihg with air that is ndﬁ stably stfatified. On these
occasions inversions of about 1°C per 10 metres would beqquite
typical.” Then the plume- from the rotary furnace will rise through
a depth of about 350 feet before levelling out. Radiation fogs
seldom exceed a height of 300 feet except temporarily during
dispersion by sunshine and with emission from 150 foot
chimneys the plumes will penetrate the fog layer and be
dispersed efficiently at greater heights., On most such occasions
the plume will drift towards the North West as discussed

earlier.
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Salt emissions will be filtered before being releaséd:
into the atmosphere. As a result the salt particles will
be submicron in size. It is Believed that provided the
plume penetrates the fog iayer then the upper air conditions
will ensure that these particles will bq prevented from
growing to such a size that they will fall out of the plume.
Even if they did grow to water droplet size, about 20 microns,
and did fa}l out, they would hélp to clear the fog'through

impaction with smaller dropléets on their journey downwards.
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Background salt deposition rates

Salt deposition statistics are available from the Precipi-
tation Chemistry data of the European Air Chemistry Network. |
Typical monthly salt depositions (dry and rain) are given in Table A6

for several stations and in fig.alhk .

Table A6 Rackground salt deposition rates.

Station Salt deposition rate (gm. m™2 month—l)
Westerland (North Sea) - 0.1 - 10
Edinburgh : 0.3 - 3
Eskdalemuir : 0.1 - 2
- 0.6

Rothamstead - 0.1

Westerland is an island in the North Sea off the West coast
of Denmark. Deposition rates there are typical also of Lérwick R
off the North coast of Scotland. Eskdalemuir and Rothamsfead
show deposition rates typical of inland Stations.

Assuming that all the salt from the refinery is totally

absorbed when it reaches the ground then a typical maximum
1

deposition rate works out to be about 0.2 gm m 2 month”
Hence total salt deposition rates at Telford will still
remain within the range observed at typical inland stations and

will be far less than those observed at coastal towns.
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Ground level concentrations and sampling time

GLCs are not only a function of position from the source
but also depend on the time over.which the concentrations are
measured. Due to the randomness of atmospheric motions GLCs
will vary from one sample to the next even over short periods
of time in steady winds. Over longer periods, say an hour or
so, the wind will veer from sidé to side and these directional
changes will reduce GLCs even under relatively steady conditions.
During a day winds will often blow from different octants and
even quarters in response to 1afge scale weather changes. Very
occasiénally though,relatively long periods of unvarying winds
will pérsist all day’and on these occasions GLCs will be higher
than average. Over periods of months maximum GLCs will be ob-
served in those directions into which the prevailing wind blows,
varying‘according to the season in question.

As a guide to expected GLCs tables A7 and A8 have been drawp up.
Concentfations refer to typical (average) and peak GLCs (as ob-
served occasionally under steady conditions)

Table A7/

Sampling Time 3 minutes 1 hour 1 day 1 month 1 year

GLCs Typical P 0.5P-0.33P .05P 0.015P 0.015P

(units) Peak ) P 0.75P 0.5P 0.033P 0.028P

3

With P = 310 /Ajﬁ].m— we have table A% as below.

Table A8%

Sampling Time 3 minutes 1 hour 1 day 1 month 1 year

GLCs Typical 310 125 15 4.6 4.6

(rgm.m'3) Peak . 310 230 150 10 8.5
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The 3 minute concentration P was derived as follows. The

2
was found. This occurs about 4000 feet from the plant - see fig.A

distance from the plant of the maximum annual average GLC of SO

10. The 3 minute concentration then refers to the average of the
3 minute GLCs when and only when they are fecorded at that distance
for all directions. In other words if the aluminium refinery was
encircled by SOé samplers at a distance of about 4000 feet away
then the 3 minute concentrationvwould refer to ﬁhe average of the
3 minute GLCsas recorded by all'ghe samplers for those occasions
when théy actually recorded something as the wind was blowing
towards'thém. The hourly and dally concentrations are similarly
defined. The Peak’houfly concentration will be observed approx-
imately once every 12 days somewhere on that circle surrounding
the plant. Typical monthly and annual concentrations are the
average of the maximum annual average concentrations over all
directions - in a typical month Qinds usually blow from every
direction. The peak monthly GLC is that observed on éverage in
quly in the sector (075 - 105) at about 4000 ft. from the plant.

The prevailing SW wind blows most frequently in this month.

Background Concentrations

Table A9shows GLCs of 80, as recorded at various National
Survey sites around the district over the year 1969-70. The
locations of the sites are given in the first column together
with their coded descriptions. 3ome are shown on the map. GLCs
(r.am.me) are given for summer and winter 6 month periods and
. for the year. Also the highest monthly, and daily readings have

been included.
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Table A9

Highest Highest

Map . .
Place . Code Summer Winter Year Monthly Daily
Location Average Average Average Reading Reading
Wellington 6 B3 41 57 BECE 74 207
Little Wenlock 7 01 53 . . 54 489
Dawley 8 01 . 51 . 67 194
Stirchley 9 o1 . 48 . 67 189
Cressage 10 R 40 he 43 59 240
Wyke 11 o1 32 4 37 55 200
Benthal 12 o1 ke 49 " 46 72 248
Coalbrooke '
dl. 13 B2 33 50 42 64 283.

Sutton ’

Maddock 14 0l 35 46 43 63 229
Much

Wenlock 15 B3 29 38 33 50 179
Willey - 16 ol 35 41 38 63 205
Acton Pound 17. X 19 . . 35 . le22

Code 01 Open country but not entirely without source(s) of
~ pollution, e.g. airfields.

R Rurai community
X Mixed area, unclassified site.

B2 Residential area with medium density housing, typically
an inner suburb or housing estate, surrounded by other
bullt-up areas.

B3 Residential area with wadium density housing surrounded
by or interspersed with areas with low A.P. output (parks,
fields, coast), or any residential area with low-density
housing.

Most of the sites are situated in the countryside and provide
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a good measure of the background concentrétion of SO2. However
sites 6, 13, and 15 are in mediuh‘density built-up areas. It can
be séen that the annual average GLC for all sites is 40 rsm.m-z
Just greater than 1/3 of the annual average urban GLC of SO2 over
the whole of the U.K. (114 ij.m_B).' The édded contribution
from the refinery will increase the annual- average GLC in a small
area to the NE of the plant up to about 48 ﬂﬂm.mFB. )
The maximum annual aVerage contributions for small areas in
other sectdrs is shown in fig.(All), Bearing in mind the size of
the aréas affected, and the low background concentrations, the
increase due to the refinery will result in GLCs well below the
average U.K. urbaﬁ/GLCs and will léave plenty of room for furthgr
industrial develépment.
Highest monthly background- GLCs afe about 5 times as high
as the maximum contributions from the plant for some areas and
the higheét daily GLCs from the plant will be no worse than those.-
already existing. However, one point should be made here. Mos¢t
of the occasions producing high background monthly and daily
GLCs are in winter. They reflect occasions of low winds and -
stable atmospheres when ventilation and upward mixing will be poor
and low level domestic sources will be most activé. These are
occasions when episodes of high pollution occur. At such times
the contributions from high level sources will benzero except
during fumigation. Just as these ground level based inversions
restrict mixing of the lower layers of air with the upper atmosphere
and allow accumulation of pollution from low level sources so they
Wwill restrict the mixing of the upper air - containing emissions
from the higher sources - With fhe lower atmosphere. Further for

those occasions when pollution from the refinery is greatest the
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wind will be mostly moderate to strong, see Fig.(A8) On these
occasions the atmosphere will be well ventilated and pollution from
low level sources will be less severe.

Hence peak monthly and daily-background concentrations will -
generally occur in different months and days‘from the respective

peak monthly and daily concentrations from the refinery.
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" Fig (A1) Isopleths of the frequency of occurremce (0.3, 0.9, 1.5, 2.1 days per month)

that winds blew within each of the Beaufort ranges and from each 30° gsector, for

four months as recorded at 0300,0900, 1500, 2100 GMT, over the period 1962-71
at Shawbury, Beaufort ranges 1,3,5 are shown,
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Fig (A2) 1Isopleths of the number of days per month that winds of speed 1-3 Knots

blew from each 30° sector, by month, and time of day. Station Shawbury., Period
1962-71, Isopleths drawn at intervals, 0.3, 0,6, 0.9, 1.2 days per month,
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Fig (A3) Isopleths of the number of days per month that winds greater than 17 Knots
blew from each 30° sector, by time of day at Shawbury (1962-71), Isopleths drawn
at intervals 0.4, 1.2, 2,0 days per month.. '
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Fig (A44) Number of days per year when visibility was recorded as less than
1000 metres at. Shavbury, Newport, and Shrewsbury, over the period
1950-70, All observations made at 0900 G.M.T.
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Fig (A5) Isopleths of the number of days per year of visibility
less than 200 metres, by month and time of day, as recorded at

Shawbgry over the period 1962-71,
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Fig (AB8) Isopleths of the number of days per year of visibility

less than 1000 metres and greater than 200 metres, by month and

time of day, as recorded at Shawbury over the period 1962-T71,
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Fig (A7) Occasions of visibility less than 200 metres as

observed at Shawbury against wind speed and

direction (10° sectors), over the period 1962-71,
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Fig (a9) The number of hours per year when the maximum three
minute ground level concentration of 502 exceeds'GOO/&gm.m-a in .

every 30° sector for emissions from the three 150! chimneys,
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Fig (All1) The maximum annunl average ground level concentration
of'SO2 gggm.m_s.) in every.30° sector for emissions from the

three 150' chiumneys,
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Fig (A12) 1Isopleths of the average annual ground level concentration
of salt for emission from the rotary furnace with a 150' chimney,
The numbers adjacent to the isopleths indicate concentrations in

/,Lgm'.m'a-.
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