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ESTABLISHMENT OF A PRAGMATIC MATHEMATICAL APPROACH FOR PREDICTING
PARTICULATE NMATTRER EMISSIONS FROM YLRTILISER PLANTS,

ANTRODUCTION

In this paper the development of a method and the technlque
employed to predict the dimpersion of particulate matter from fortiliser
and other similar types of rlants is desceribed. This includes
calculation of nverage deposition ratea, maximum rise of plume from
chimicy stacks and average pround leve? concentration of particulute matter,
The nature and form of the inpats employed in the analysis are described
and some of thr practical implications mre discussed.  As the method can
be employcd based on 1imitcd meteorological data and in ecnses where
histroical data on ground Jevel pollutinig concentrations do not exist,

It is suitahle for use in indugtrielly developing conntries.
1. GENERAL RiMARKS

Rupidiy advanciug tecknolopy and the development of vest miperal
Fesources are creating problems of serious ccological disturbancea. To
consideroble quantitien of hiological waste has been ndded p wide variety
of industrial by-products of varying degrees of toxicity and durability.
Not lcast among the problems created by Industrial efflueits 1s that
of air pollutants slpce they can be Cesrdod lorg dlstanecs wd deposited
over wide arcas remote from the source. Pollutants in the atmosphere

can affect soil and vegetation; animal and buman health,

Very Jittle research has heen done on the effceta of stmospheric

pollution on vegetation,

However, we do know that particulate matter can form u crust
on foliage and prevents photosynthesis, that reduccd exchange of carbon
dioxide und oaypen affects crop yeilds nnd tho pll factor of soll can be
altered and with §t the quality of pastore. On the other hand, pollution
ean be said to have a hencticinl effert in sone cn-es in that in some

urgas where potluiion han becon elinminnted, or reduced, erops have boen

found to anffer i sulphur deficiency.




The toxic components of atmospheric pollution can either be
absorbed or remain on the surface of vegetation and thewe fora the

greatest Wnzard to animal and human 11€n.

Particulate matter is anlways present in the atmosphere
in the form of duste, pollen or liquids, but only a very small number of
such particles are 1ntrins1c§lly toxic. However, there are pollutants
which by absorbing toxic Substances, actually provide a mcans of conveying
them into the lungs. For example sulphur oxides, in combination with
particulate aatter, heve becn found to increase resistonce to pulmonary
flow in cnilalp. Therefore to he able u predict the dispersal of

pollutents in the atmosphere is obviously an advantage.

Emissions from industrial stacks arc dependent upon a number

of variables which can be grouped under three general headings

1. Process factors: these Inelude

Emission Rate
Temperature of emitted materi.l
Fora of e¢mission - dust
fumes
st
spray
gan
Concentration of the components listcd sbovo,
Bize of particles, their shape and density Jistribution.
Apglomernting characicristics.
2. _Stack Factors: these cover those aspocts which dopend on the

phystical location and form of the source c.g.

Height

Diameter aud confipguration of oxit
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Eminsion velocity
Relationship of source to sur rounding structure

nstd topagreaphy

3. _ _Meteorclogical influcnces whick 1nclude such items as
Wind specd nnd divection
Tempoeratvre and bhumldily
Atmospheriec stability

Topouraphical tafiu-nzexr or these

in mou1 cases naterlel enitted from a stack ts at a higher
temperature thnn the survourding alr and i{hereforve less densc and the
Plume tends to ine init.ally. This tendency is an jmportant factor in
the eiflcient dispernal of pollutants, ke pollutant 48 propelled to
a poiut abuve the chimiey know 23 the “"eflfective gtuck helght”™. This
15 generully two o three lLimes the actual height of the chimney.
(Se: Figure 1).

The metoerolopicnt rondgltions rffecty the ahans of the pluwe
rising from a chimne, ., Plumes cun t' 18 take on a nunbe ° of forms,
Parliculate matter concentrations iu lue uir vl daiso wi.ected and have
themselves an eficcet upoa metz2rulogical conditions. For example
particulate matter serves as nucled around which molsturc can condense
and a noticenble reduciion in London fop has been effcected by tho

introduction of smokclesa fuel.

In thig article varticulate natter is defined ng any
dispoersed mutter, solid or liquid, in which the single uggrogates
arc larger than gsinpie gmall molecules, approx. 0.000%p, but smaller
thun 500u.

Generally rcpenking the point of naximun ground level con-

centration of larre purticulute natter is relatively closc ta the astack,
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Figure 1. Effective Stack Height
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As the particulate sive reduces so does the e¢itcei of gravitational
settling velocity, When dismeters become as #mall as 20n or less,
the particles move esaentinlly in the same manncr 85 the gas in which they

are guspended.

The location of the maximum concentration, at ground level, of
# ga&soous pollutent is generally found to be in the region of twenty
effoctive stack holghts from sourcce. As we have atated, the "fall-out"
of large particles will be relatively close to the stack and closor to
source than the oquivalent point for guseous omission. For example a 300
foot chimncy cmitting hot dust-laden flve gascs and producing a plume
with an effective mtock height of say 1000 feet would probahly have the
point of maximum ground level concentration nnd maximum rato of deposition
of the porticulate matter about 4 miles from the stack as against 6} to 7

miles for the emitted puses (amsuming a wind velocity of 10 meters/hour).

From the forcgoing 1t can already he appreciated that disporgion

of particulante matter in the atmoapherc 15 a fairly complex phenomena.

11, MATUEMATICAL MobEL, FOR :0TIMATING CHOURD L!VEL
CONCENTRATIONS OF STACK RMISSIONS

Most wethous for estimating ground level concentrations of

of stack emipsions involve two steps ;-

1) the "effective stack height" im calceulated ;

%) the stack 15 replaced by a point source at the
effective stack helght and the diffusion of material from

this cquivalent nouvrce in unalysed.

This wethod gives an approximnte value which is considerved satis-
factory so long as the down-wind distances being considerced are at leant

five times the effective stuek heipght,




Tho pressure of the atmospherc, and with it gonerally the
temperature, decrcases with altitude. Under most atmospiaeric conditions
there 18 an upper limit to plume rise which 1g dependent on tho rate of
temperature change with height. If the rate of decrcase in atmospheric
temperature with hcight ia less than 6.5°F per 1000 fcet in dry air (the
adiabatic lapse rate) - g stack plume emitted into the atmosphero will
reach a calculable maximum height. As the value of the rate of decreasc
of atmospheric temperature reduces 80 the waxiwum height of the plume rise
vill reduce. Inverse conditions under vhich atmospheric temperature
incresaea with height, result in the lowest valucs of ssximum plume rise.
(8ee Figure II).

In the winter in temperate climes, and in tropical arcas 1in
overcaat woather conditions when the rays of the sun are not sufficiently
intente to heat the surface of the ground the temperature inversion
con last for scveral days. This condition has characierised mont of

the disasters ceused by industrial airborne pollution.

Rates of decrease in utimospheric temperaturc with height greater
than the adiabetic lapse rate are unstable and very scldom occur except
in the lower few fecet of the atmosphe e. However, a plime emitted into

such an atmosphere would ¢ontinue io rise indefintely.

In this atudy the mathematical model developod by Bosnuquet,
Carey and Malton* has been used for both sieps 0f the two-step nnalysis,
Their formula for the maximum heipght H attained by a plume in a stable

atmospherc is of the general form :

B = He + function (u, M, dg, v.)
+ function (u, N, Dg, Tg, Ta, v, G, p

whore Mz :

y
4

actual stack heipht

u = oxit velocity of ntack gases

M= gas emiseion rate (weight per unit time)
dg = density of gns at temperature Ta

—

- — et - o

¢ C.H. Dosanquet, W.F.Carcy, and F.M, Halton, Proc., Inst, Mech,
Engre. 162 353 (1950)




Pigure 11.  Surface and Neight Altitude Temperaturg Inversion
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Tg = temperaturc of ras nt stack

Ta = air temperature st maximum height of plume

v = wind velocitiy

G =+ 1related to rate of change of atmnspheric temperature
-with helight

g = acceleration due to gravity.

The secoud term im the equation gives the rise caused by the
velocity of the stack gases and the finsl term gives the rise causcd by
the buoyancy of the ntuck gases.

Thi® equation has received wide use for plume analysis and gives

reosults which compnre favourably with those actually obsorved.

Dust purticles and liquid droplets in a stack gny plume are
subjecet to atmosplicric cddies which act to maintain ther in n state of
suspension and gravitational foreus which act in oppusition and favour
deposition. The gravitational forces are characterised by the free
settling velocity of a particle which is s function of its shape, size and
density., ‘This velocity increases appreximately in proporiion with the
squarc of diameter of the particle aud the difference betwaon the density
" of the particle and that of the uir. For particles with diamcters less
than 20 microns these velocities are very lowv and the purticles move

cssentially ay 4f they were gas malocules.

Assuming a "uniform” pattern of atmospheric iurbulence Bosanquet,
Carey und Nalton developed an equation for the average deposition rate D

of dust particles at o given point down-wind of the stack which is of the
form :

D = Som for all particle sizes (function (W, £, H, v, b, x)
whore D = Deposition rate (weight per unit arca per unit
time) '

¥ = Enission rate of particles of given mize

£ = Settling velocity of the particles of given size

i e
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= effectiive stack heigh.
= Wind velocity
b = Praction of timo during which vind is in the direction
under consideration

x = Distance down-wind of stack

This cquation has also been widely applied but the agrecment
with actual results is not as good ag is the equation for plume rise.
It is considered that predications for rvate of dust deposition will be
within a factor of 2 of actual values, but this ie not a serious deficiency
insofar as an assessment of ihe order of mapnitude of these valucs i
more important than a precise ostimate when cveluating possaible impact
on the cuvironment, Precise estimates for given meteorological conditions
have linited value as these conditions are subject to fairly wido

varistions, even in a period us short as 24 houra.

The sBame vquations allow estimates to be made of aversge ground-
level concentrations i.e. the Pruduct of the concentration very close to
the ground and scttling velocity for a given sice parijele being cqual
to the deposition rate for that atzred particle,

Ou this busls tho following equations have been erttablished,
suitable as input for the computer determination of panrticulate matter

enissions for chimncy «tacks :

A. FQUATION FOR MAXIMUM RISE OF PLUME IN STABLE ATMOSPHERE

W=t + 477 [sou

6.37 g 04
+ 3

(log J3+2 -2)
v T ¢ J

1

2
where J = v ‘°'“ﬁ - 0.8 1) o+
A/ Qu (4 o, .

[ -1
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B = height of plume, (feet)
Reight of stack, (faet)

=
1 ]
"

Q = gas omission rate measurcd at temperature T, (cu.ft/uec)
T. = temnernture at which density of stack gasca tr cqual
to that of the atmorphere (deprees centigrade abs,)
‘f:>s= tenp;rature differcnce betweon actual stack gns
teaperature and T1 (degrees contrigrado),
n = stack gos ewission veloceity (ft/wac)
vy = wind velocity (ft/rec)
G = gredient of potential atmospheric temperature (deg C/ft)
8 = accclerution due in gravity (32 fi/msec per sec)

B.__ EQUATION FOR AVERAGE DIPOSITION BATE

- ———— 1.

30714

P = E , o r}- 2.75 x 107 wip (—29-"-) v+2 2
1 x x

—— et et e a3 @

[ (2.1

D = average deposition Tate (tons/Hq mile/wnnum)
'i = rato of dust emissious of particles of given sise (ft/mec)
ti B ooseltling velrrity of partieles of yan pige {ft/rec)
b = fraction of time during which wind is in direction
Vinle e consiue ral oy
dl1 = deporition rate of particles of given sive (tons/sq
sile/annum)
= height of plume §.0, effective stack helght (£1)
= distaace down-wind of stack (tect)

N
x
E 1= implies summction over all partlcle vizes

C. _EQUATION FOR AVERAGE GROUND LEVET, CONCENTRATTOW

.. -
€C = 4.08 x 10 ji;i di/i54
C

T averape ground level coneentration in micro-
gromees per cublc motre

fi = dettling veloelly of particleg of glven size ft/sec
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It must be emphasised thut this nathematical model for

dispersion of particulate erlesions Tees not take aceng ! of such
tactorn aas topography, rainfal) ond mists which do alter the disperaion -
pattern. It the mument only through dotuijed neteoroluglceal analysie,

and wind tunnel modelling can such fuctors be tuken into account.
X11. APPLICATION. OF . THE MATHEMATICAL NODEL

To allov maximum flexibility 1n evaluating the effects of the
differcnt purameters, (he mathenatical wodel can by programmed into a
computer. During the anulysis of the data flhe disperaion pattern can
be snalyseq by. considering any suitable sectors ©.8. 45 degrce goctora
based on specified Bowrces of emissions.

For each scctor a value can be calculated for the frection eof
time the wind blows ipto that sector, the figure used being caleulated
from historical data ¢.¢. four-hwurly meteorolngical resdiags over

several years.

For s given stack or other source of atnospheric emissions, and
its set ot emtssion datn, tle distribution of averoge deposition rate
and average ground lovel connentration can be computed for o serics of values

of wind velocity and rate of change of atnospheric terperature with beight,

On thec basis of thes- computations, coacentration contour naps
can be developed.

By plotting the compu .cd valucs on a map of the ares surrounding
the source and Joining the poirts of equal ground level concentration a

sorios of "foot-printr"over the terrain can be obtained.

This method cur be usod to predict the probanle ground level
concentration of materinle esiticd from a proposcd plont in the surrounding
district. The predicted effects of the mew plant can be added to the

existing, measured ground lcvel concentrations fur the area nnd the




probahiiity of the total deposition approaching sn unacceptable levol
can bc determincu. It addition, the s.foct of changing of the ploat
specifications e.g. the atuck height, emiscion teuperature, additiona)
scrubbing facilitice nte. ~aan all he d - monstrated in terms of probable
eround level concentrations.  Thus, the eontrolling suthority for the
arca considercd is in a position to m:ke recoummendatioms about the
siting of 8 planncd fectory or indicate changer in the plant desigm thet

would result in iwmprovenent in deposited levels of particuinte matter,

In many cowiiries, cspecially in the industriatly developing
countries, historical datu on ground levei pollution 18 not availuble.

Although in such countries date on netcorological conditions such as

P

X . L
i e s

prevailing wind specd and Jdircction nay be gemerally linited, it usual ly
exists for more populous arcas uround airports, and urban centires which
are the likely site for the cestubliskwent of industriel plants. 1t is

generally possible in such caces thercfore to predic! with au estimatable

£
i3

degree of confidence using the wethods outlined above, the chanpe in
ground lovel concentration of particulste matier poilution which would

result from catablishuent or expapsion of fertilitcor und wllied industrios.









