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ABSTRACT : In an analysis of continuous records of meteorological elements
(such as wind direction or wind velocity), it is necessary to consider the
mean values of these elements for short intervals and later analyze Lhese
values for some quite long period. In such a proc;,ss, both the very small and
very large frequencies are cut off from the frequency spectrum. This
paper is an analysis of the dependence of the dispersion of meteorological
values on the internal and external averaging intervals on the basis of
theoretical considerations. The averaging method u!ed by F. B. Smith
(J. Roy. met. soc., Vol. 86, }7u, 19v?, I[) is summarized and applied by
the authors: the work of J. Ogura (J. meteorol. 14, 195, 9-1,) in this
field is also taken into account. The results obtained are In jeneral
agreement with an earlier paper by V. P. Gracneva and V. P. Lozhkina on tne
stability of wind direction in the surface layer of the atmosphere (Tr.
GGO, No. 158, 1904). For example, in Fig . 1. of the Enclos,re, the value

of the parameter AT/u1 , characterizing aLmospheric stability in the lower

layer of the atmosphere, has been plotted &lon' the x-axis arw' The mean
value of a (dispersion) for the summer or winter season has been plotted
(in degrees) alon the y-axis for a 20-minute averaging• period. With an

increase of Instability when AT/u, > 0 (temperature decrease with he'ght)

the values of a increase ir summer from 2 to whereas in winter They

are almost constant and equal to 15-I . When there is an inversion

(AT/u2 < 0) In botu, winter and summer the average values of c change

insignificantly, approximately from 0-7 to 2-I ; the winter and summer values
of a are almost equal, in contrast to unstable states when a in summer Is
several times greater than the winter values. The figures alongside the
vertical lines denote the number of 20-minute periods used in constructing,, the
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curve for each interval of values A/ul; the length of tte vertical
lines is a measure of the scat terin- of individual a values fron their
mean value for the considered (winter or summer) seasons. With anincrease in wind velocity to appioximately c-, m/sec the a values fo-
all AT usually decrease, except, in the oase of winter inversions. With
an increase of wind =locity above o m/sec, o :n both winter and
siumer changes very little (about 20), except in unstable weather in

0summ.er when mean a = 3 . F P. 2 of the Enclosure shows the
dependence of a in stmimer, averag-ed for 2-hour time intervals, on the
averaging period for different stability conditions. It is shown
that ith a change in the external averagin,-, period from 20 to 40minutes the valc of a increase by 20% on the a erage under unstable
conditions and by 35% under stable conditions; with a chancre in the
averaging, period from 40 to (0 min. the values increase by 15 and
25,,i, respectively. Or!, art. has: 11 formulas, 3 fiY-ures and I
table. English Translation: 8 pages.
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sin sin
Cos Cos
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ctg cot

Cosec Coe
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ch cosh
th tanh
cth coth
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arc sin i-
arc Cos cos-1-
art tg tan-1

arc ctgco-
arc seece-
arc coser Re

are sh sinh-1
arc ch coulf1
arc th tanh-1

arc cth cotV- 1

arc sckI sech-1

arc cach cachr1
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RESULTS 3"F ANALTYSIS OF EXPERIMENTAL DATA CHARACTERIZING
THE DIST~rRIBUTION OF ATMOSPHERIC DOLLUTIONS

NEAR r'HE THERMAL, ELECTRIC POCWER
STATIONS

R. I. Onlkul, G. A. Panfilov, B. V. Rikht1er,
and R. S. Cil'denskiol'd

The method of analysis of experimental. data on surface
concentrations of sulfurous gas and ashes is expounded,
allowing- the determination of the quantity of dangerous
soeed u. and maximum concentration q. A comparison is

conducted of experimental results characterizing pollution
near a number of large thermal electric power stations,
with data of the calculation by theoretical formulas [1].
There Is noted their satisfactory agreement. Data
charactei'iz-ing the dependence of the rise of the torch of
chimneys on the speed of wind are reduced, which also will
agree witn theoretical results obtained In [1].

At present there is insufficient volume of experimental data on
characteristics of the propagation of harmful impurities ejected by
industrial sources into the atmosphere in different seasons and in
different climatic and physicogeographic conditions. This is the
essential obstacle for use of available theoretical researches on
atmospheric diffusion, since it does not permit judging the
correctness of initial positions of the theory and used parameters
and determining the region of applicability of design equations. In
many cases the experimental study of air pollution by industrial
enterprises was not accompanied by a determination of all the
parameters necessary for a comparison of obtained data with
theoretical calculations, or it was conducted without the necessary
complex of meteorological observations.

The experimental data existing until recently in the USSR and
abroad pertained to sources of comparatively weak power located at

FTD.MT-2==186 6 7 1



low height. Thus, for example, the formulas of Sutton obtaining
wide use, essentially, in detail were checked only on the basis of
data of experiments at Portonl during the carrying out of which
concentrations were determined at short distances (of the order of
100 m) from the surface source.

There subsequently appeared many modifications of Sutton's
formulas [2, 3, 4] etc., and tlhy were widely applied in the
calculation of pollution of atmosphere from chimneys of industrial
enterprises. But the results obtained were unsatisfactory, and in
certain cases the divergence of theoretical and experimental data by
one order and more was noted.

In recrent years there has been conducted a number of great
researches in the examined question [5, 6, 7], but the methods of
the calculation given in them are not confirmed in sufficient degree
by experimental data. Geometric heights of chimneys H at large
industrial enterprises reach 150-200 m. Streams, of flue gases
ejected from the stacks possess an initial speed and overheating with
respect to the surrounding air, and depending upon meteorological
conditions they rise to a certain height above the opening of the
stacks. The rise of the stream as frequently characterized by the
quantity H + AH, called the effective height of the stacks. Speeds
of ejection and overheating are such that AH at slight and moderate
speeds of wind also attain hundreds of meters.

Dependence of AH on meteorological parameters and parameters
of ejection is studied experimentally also insufficiently.

Thus at present very great practical importance is obtained Ly
the investigation of atmospheric diffusion from sources whose
effective height outside the dependence on meteorological conditions
is not less than 200-300 m. At such heights the regularities of the
stratification of wind and temperature with height, intensity of
turbulent exchange and other meteorological characteristics
determining atmospheric diffusion are studied quite inadequately.

In connection with this in the period from 1961 to 1963 the
Main Geophysical Observatory im. A. I. Voyeykov (GGO) 2 jointly
with the Moscow Scientific-Research Institute of Hygiene im.
F. F. Erisman, the All-Union Heat Engineering Institute im.
F. E. Dzerzhinskiy (VTI) 3 and the Southern Branch of ORGRES4

1This name cannot be verified and is a transliteration from the

Russian. [Tr. Ed. note]

2[GGO] (Fro) = Main Geophysical Observatory.

3[VTI] (BTOi) = All-Union Heat Engineering Institute.

4 [ORGRESJ (0PrPPC) = State Trust for Organization and
Rationalization of Regional Electrical Stations and Networks.

FTD-MT-24-186-67 2



conducted investigations of scattering of sulfurous gas and ashes
from stacks of thermal electric power stations. GGO conducted
theoretical researches, and a wide complex of meteorological and
aerological works. Meteorological observations included gradient
and balance measurements. Aerological observations, consisted of
aerostat, aircraft and helicopter soundings and pilot balloon
observations. Moreover, there was conducted an anemometric
survey of the terrain and certain other observations.

Methods of observations and the first results of their analysis
are expounded in a number of articles of this collection and in
[8, 9, 10].

The F. F. Erisman Institute produced measurement of th-
concentration of suifurcas gas and ashes under the torch o: ]RES 1

and fractional composition of ashes. The method of these observations
is discussed in [11].

VTI and the Southern Branch of ORGRES measured parameters
of eJection, namely; the volume of gas-air mixture ejected from
stacks, temperature of ejection, quantity of ejected sulfurous gas
and ashes and the fractional composition of ejected ashes; these
parameters were determined by the conventional method.

In this article data of four expeditions are analyzed jointly
(September-October 1961, March 1962, July-September 1962, and
February-March 1963). The conducted complex of experimental works
is one of the most complete researches in the study of diffusion
of impurity from industrial sources.

On the basis of the conducted theoretical researches, there
were developed formulas of the calculation of pollution of the
atmosphere by ejections from chimneys of electric power stations [1].

Below are given certain results of analysis of data obtained
in expeditions by surface concentrations of sulfurous gas and
ashes. Essential difficulties in the use of data available in
literature on experimental determination of surface concentrations
of harmful substances, about which it was already mentioned above,
are connected with the fact that different authors applied essentially
differing methods of investigation: the duration of the sampling
of air varied, various methods of chemical analysis were used, the
quantity of points of sampling of air and distribution of them
with respect to the source of ejection were also unequal. It
is especially necessary to note that the data given in literature
on pollution of atmospheric air, as a rule, were not accompanied
by synchronous measurements of parameters of ejection (temperature,
volume, weight ejection).

During the study of pollution of the surface air from local
source, which Js the Shchekino, GRES, the method examined in detail

I[GRES] (rP,C) - State Regional Electric Power Station.

FTD-MT-24-186-67



in [11] was used. It consists in the fact that under a visually

defined axis of the torch at different distances from the source
(from 1 to 10 km) it is disposed along several points. Usually at
a given distance there was placed 3 point, and simultaneously
altogether 15-20 points, in which a 20-minute sampling of the air
with subsequent analysis on the content of sulfurous gas was
produced. The period of sampling is conditioned by the accepted
method, and to a certain degree it is close to the optimum. The
more short-lived changes of concentration are connected with
fluctuations of the flow, and during a long period of intake of
samples the probability of departure of the torch is increased,
which leads to decreasing of surface concentrations. During a
20-minute period of sampling in many cases the measured concentrations
are considerably lower than the axial concentrations, since in
certain cases a departure of the torch from 'he point of measuremeiit
was observed. Other causes of understating can be the inaccurate
location of points of sampling on the basis of visual determination
of the axis of the torch, sharp distinctions in the direction of
wind on land and at heights, turbulent pulsations of airflow and
the change of their intensity, the irregularity of ejection from
stacks and parameters of the smoke stream, etc. In connection with
this analysis of the data occurred by a new method proposed by
M. Ye. Berlyand. For an analysis of data there were selected
separately data on the concentration of sulfurous gas and ashes,
which pertain to equal values of ejections from stacks and to
conditions with approximately identical characteristics of turbulent
exchange. At every distance (for the individual expedition and for
all expeditions together) there were plotted on a graph quantities of
SO 2 concentration depending upon the wind speed at the height of

the wind vane.

Drawn on these graphs was an envelope above which remained only
single, sharply jumping points. One can assume that the low values
of concentration on these graphs are explained by the departure of
the torch and other above mentioned causes, i.e., they are not
of interest from the point of view of the contamination of surface
layers of air. Sampling points cannot coincide with the axis of
torch, and this is explained by the definite spread of points on the
graphs. Plotted on Fig. 1 are values of the surface concentration
of SO 2 (at a distance of 3 km from GRES stacks) depending apon

the wind speed according to the wind vane, and an envelope is drawn.

Analogous graphs for distances 4, o, 10, 15 km are given
respectively on Figs. 2-5. From the graphs given it is clear that.
envelopes clearly limit the basic mass of maximum single
concentrations measured for the whole period of investigations at
different distances from GRES stacks.

It is necessary to note also that at all distances the maximum
of concentrations is connected with the definite value of wind speed
u, which is dependent on the initial speed of outflow of flue gases
from the stacks and the quantity of their overheating. At small

14



w.'.i speeds the height cf the rise of flue gases is very great; with
s. )ng winds the effective height is small, but the flue gases pass
fdr from the source and greatiy disperse in the atmosphere. The
greatest surface concentrations are observed when u - uM.

Calculations and experimiental data show that when u < UM with an

increase in speed of the wind the surface concentrations rather
quickly increase, and when u > u M with a further increase in speed

of the wind (up to 1.5-2 m/s) the change in surface concentrations

is very small.
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The examined nethod of analysis of daL,. of observations possesses
a definite advantage over the usually utilized methods of finding
the average concentrations. With calculation of average
concentrations there are considered zero and weak concentrations,
which are usually connected with the departure of torch from the
point of intake of sample or with the low sensitivity of the method
of determination of the concentration. Thus mean values of
concentrations with the Indicated system of sampling are insuf-
ficiently defined and i-pend on random factors. Also depending on
random factors is the value of the absolute maximum, which is
observed very rarely and in certain cases can be connected with the
error of the measurements. The reduced data permit checking formulas
in [1] obtained on the basis of theoretical solution for the
concentration of impurity:

0,65 VAT - (1)

AQFm (2)I

x, = 20H. (3)

Here A is the measured coefficient depending on the temperature
stratification of the atmosphere determining conditions of the
vertical and horizontal ,.cattering of impurity in air; V - the
total volume of flue gaseb ejected from all stacks; N - number
of stacks; H - geometric ceig.. of' stacks; Q - quantity of impurity
ejected from all stacks; AT = Tr - T., where T is the temperature

of escaping Cases, TB - temperature cf ambient air; m and F -

dimensionless cor:.ectior, faicors considering the speed of ejection
of flue gases and dispersl -,,ress of aerosol part icles.

Coefficient A Is ,:alcuiatei for conditions when in the surface
layer maxim'.,, concentrat ions of' caaminat I r ,re creat d, .e., for
convection conditions In th,, summertime. In those cases when the
speed of the wind attairs dangerous- values u arid the surface

concentration attain,,'; a maximu, v'iiue, A takes the following values:
_100 for Kazakstar, 'en,,'al Asia, centira' part .f Siberia; it0 for
the northern and n.orthwestern Fur opari > .'rrtocry of the USSR, Urals
and Ukraine; 120 for the central part cf the h.' r.pean territcry of
the U.SR in regions wit!-, similar climatic ccn,.tltions.

At values of parameters eharac eristi' f r te Shchekino GRES,
-A according to calculation *ata should be about , mis. The

fact that the quantity of dangerous sat-ed appears close to 5 ,!s
is very significant, since similar opeeds are t.Jbserved alost daily,
and therefore it is possible by calcuiV,-Inin- for dangerous speeds not
to consider recurrence of the wind ac.cordlng t.' the speeds.



A comparison of calculations by formulas (1), (2) and (3) with
given experimental data showed that calculated maximum concentrations

! of sulfurous gas q M and distances x M corresponding to them will

agree with quantities obtained as a result of' the application of the
above dcscribed method of analysis of experimental data. The
distinction does not exceed 20-30%.

There is obtained a satisfactory coordination for maximum
values of the concentration of SO2 qu calculated by formulas giver

in [1] at different wind speeds u at various distances from the
stacks.

Given below are ratios of the largest concentration qu to qM

at speeds of wind from 3 to 10 m/s according to data of the calculation
and observations:

urds........... . 3 4 5 8 10

q_,ca1-dAated .... 0,5 0,8 1,0 0,9 0,8
qMexper-rertca.. 0,7--0,8 0,9 '.1,0 1,0 0,7-0,9

Theoretical and experimental values of ratios of concentrations
of SO 2 at distances from 2 to 15 km (when u = uM) to qM are the

following:

X K ... ........ 2 3 4 6 10 10
q__, ........ 0,9 1.0 0.9 0,5 0.3 0,2

qup .rerim rial ....... 0,8 0,9 0,8 0.6 0,5 0,3

According to data of observations for each distance of the
measurement of concent-atlon there was determined the wind speed u
at which q at this distaoce attained the greatest values. It turned
out chat for distances c' 2-6 km u = 5-0 m/s, and for 8-15 km
u - 6-7 m/s. According to calculation, these speeds consiot of
5-6 m/s. Thus, it is obtained that at all distances from the source
the maximum concentration are observed at speeds close to u

Eiy an *~nrlogous method a comparison was made ef data cf

calculation and the experiment for surface concent rat Iors of

Figures 0 and 7 give graphs of the dependence of the concentration
of flying ash on the wl:.d speed for a dstance of i and 3 k- and
analogous graphs of Fig. 1- arz for sulfurous gras.

Let us give the ratio for a-nes at a distance from 1 to

6 kin:

x r1 ... . . . . . . . . 2 4 6
". 0.4 0.9 0.9 0.8

........ . 0,5 1.0 08 0.6
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Fig. 6.

T mg/rn3
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Calculations confirmed the Sa'.isfactory agreement of theory andi
ex-eriment and crn concentrat ionf, of flylrng ash.

For checkli~r formula.-,)(3 there was undertaken also the

analysio .f ,ertali other- experiment.!al Jata on' :turface Croncent rat Ions

Of gulfru as and ashes obt al nt-i -iurinr. i 3-1958 t~v F. F. ErisMan
~n~' n Io ox :~rt~~'a:~2B 11I the st ud y of air

po I I u I r ri near a rumt"e r, of la13 7 t.' 1-, rI c- t power stat Ions,

Pa t a- were aria ay~e t sevo'n t t., rma I I~:r 1 c s tat .1o ns operat . nig

on I1 f f oret ca'&~and Peat" w ..' a ane ~f he li-ht s of f lie zt.-C S

f romi t~ o I;,)M the numtvr cU piper vari-J frotn i to i,

In ri 11-e c-ares when thr c e par'a:, e' vrs c f v ec t Ion were
a Z;ent , y w.~ were o7a Ic uIa t e~i a c cor- t'~ o ',L h e~ -we r o f t he st at -4o n

ndcal '"' U v of fuel with the ,x ~v a form~ula we i-inowrn in
tc h nI ogy. If It was not iposlble to , rc graplhs analogous

to those snown nF1s I' t-hen quantlty qw.ir.~ef~e as the

half-su: of' the quanti1ty 0of t he atout e maxlw --f concen'* - at Ion
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and the average quantity of all positive samples. Coordination was
very good both with respect to sulfurous gas and also ashes.

Table 1 gives experirental and calc~iated values of maximum
concentrations of sulfurous3 gas and ashes referred to the cor-
responding consumption Q.

Table 1
qu I,

Lis s .rc, s 7&s ss

-Ao, a t .a el ert-W' l'tted

...... ...... 150 0,29 0.31 0.18 0.32
.ere ets . . 120 0.2 0,25 0.62 0.50

120 0'09 0.25 0,39 0.s5
. .. . . : ... . . . . . 105 0 .63 0 ,, 0 ,64 0,74

e 9 ft -y ......... . . . .070 1.6 I, 1.1I 2,3
40-60 5,2 3.3 5.3 6.2

.V L .40 5,1 6,0 ,8 12.2

Figures 3 and 9 shows In logarithmic scale the dependence of the
qM

ratio -- on H according *o Table I for sulfurous gas and ashes.

The obtained results permit makhl, a conclusion about the satisfactor'y
coordinat!on of data of the .alcuat Ion (I) and experImer.ts K2
It Is confirmed that the devendence of maximum conceOnrat .. on
height of the stack f ro:J !-a -f experiments Is ci'se t:l t"at. oa'a.1
t heoret Ioal v.

cont amlriat Ions, since It Ls. c.. ,'r : .I' : i, h - desie,-'. - "
industrial ette r'' .. A: wa: sal. oye h, qua ' .. , . ,he
su. faco cnet:: '< "~n n*~ *~r~i, .~

Of the source + .' .atu:'' ,
A H d e p i "r : o n t ' ' s , e I t . e w " .i r h t ' . v , ' **' . . . .. . ,

WhIc-h In the av':e. . .. ~ *",.

at t h ne I. ht o f -i .:,. va , ,,I
;o cc ,:'i'nat '' " " , *.. "t- i'.,i ,,xp r .. .. -, . .... "

. .. ..tat io s f.. . .. . : t'a... , ... ,.;

concentrat 1ons at f -, *' t a' s 1 'r, the , , d f,.; '

of danger-u:1 s <",,d etc *' e :aa ta t . .,'
calculation f the .1'~' trc ,,5 :L;J j, ,* '-P---f..4 t.

frl .'ently we,' t,.V e Z... ... '

For a .'rect 'v..esti or l .... - " ':.. .a:ane t --
of eject ion 'r.i 'ete rci.g c .al ia:-a- t sr :i as. fr .. ' ,g, of
the theoret !ca .nrmu a given In A ,,, a " x e.i ..
phot ograpn.ing i the smoke t, ,. anA pr.o.' sn" of the .. t aphs
were proued.
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Photographing was produced in daylight under different
meteorological conditions from the side approximately at a distance
of 1 km along the perpendicular to -he axis of the torch on an
average of every 15 minutes and at moments when the form of the torch
was sharply changed. For an illustration Figs. 10 and 11 give
photographs of the torch at small and moderate speeds of, the wind.

The clear photographs were subjected to treatment. The treatment
and analysis of the photographs was performed by G. A. Fedorov and
photographing of the smoke torch was conducted by A. M. Tsarev.
Quantity AH was determined by the height above the mouth of the stacks
on which the monotonous rise of the axis of the smoke torch was
ceased.

The height of the stacks and distance between-helconies available
on the stacks were used as a scale in the determinationof the
photographs of AH.

Figure 12 gives the dependence of quantities AH, determined by
photographs on the speed of wind u at the height of the wind vane
(under conditions with approximately an identical quantity of air
ejected from the stacks) according to data of three expeditions
1962-1963. The smooth curve on this figure characterizes the
dependence of mean values of AH (in the interval of wLnd speeds
t0.5 m/s) on u at the height of the wind vane.

Upward and downward from every averaged point the standard
duration AH is plotted.

11



C=

Fi . 16. Photcrgra . of smoke tzrch

MCCC

Fr 1 10 C. Sfl~a pt Pc? JhTdurig strong,



-Or-

400;

2 007

T T

Fig. 12.

The spread of points can be explained by both oscillations of
parameters of ejection and a whole series of other factors
(distinctions in stratification, .2bulent pulsations of airflow,
etc.).

For calculation of quantity AH there was recommended tLie
following interpolation expression:

IH 1 5 "' O 05 + 3,3,RO AT]

U T.w~(5  .~O~ (4)

where u -- speed of wind at the height of the wind vane, w0  average

00: speed of outflow of gases from the stacks, and R 0 - the radius of

the stack.

Formula (4) will satisfactorily agree with the experimental
data. A comparison of calculated and experimental values of 6H on
the whole material of observations showed that the divergence on the
average is about '5-20 m. Somewhat larger distinctions are noted
at small wind speed, but the relative error was found to be small,
since quantities of AH are very great.

In conclusion let us note that the analysis conducted in this
article of experimental researches on propagation in the atmosphere
of impurities ejected from stacks of thermal electric power stations

showed that the application to calculations of atmospheric diffusion
of the theory expounded in [1, 12, 13] gives sufficiently good
results.
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ANALYSIS OF DISPERSION OF HORIZONTAL OSCILLATIONS

OF THE AIND DIRECTION

Ye. L. Genikhovich and V. P. Gracheva

There is examined the dependence of dispersion of
meueorological quantities on internal and external intervals
of averaging on the basis of theoretical considerations.

As a result of the analysis of experimental data
absolute quantities of dispersion of wind direction and
also their dependence on meteorological conditions and
on the period averaging are obtained.

With the analysis of continuous recordings oi meteorological
measurements (such quantities, for example, as direction or speed
of wind) it is necessary to examine the mean values of measured
quantities for small time intervals s (although in order to exclude
inertia of the instrument). The obtained values are analyzed for a
certain, in general, sufficiently great period of time T. With this,
obviously, from the spectrum of turbulence there will be eliminated
the region of both very small and very great frequencies. The
influence of such a procedure of averaging was investigated in a
number of works (for example, [4-8]).

The most clear reasoning on the dispersion of wind speed is
conducted by Smith [3], using the following scheme of averaging.
Let us assume that V(t) is the continuously recorded wind speed.
Let us calculate for it the mean value on the small interval
(t - s/2, t + s12) of length s. The obtained function of the
moment of time t is averaged with respect to the great interval of
time (t - T/2, T + T/2) by duration T, and we calculate the dispersion
of the average on the interval by duration s (as a function of t)
relative to the average on interval T. "' '' Lned dispersion is
found to be the function of the moment of . , .e., depends on
the position in time of our interval T.
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Averaging with respect to all T from the interval (-A, A)
when A - (which is equivalent in this case to the statistical
averaging with respect to the ensemble), it is easy to obtain searched
dependence

[ sn 2  nT snns (1)
T , C 0,,o (xnT)2 (.s), d.

where F(n) is the spectral function connected with the correlation
function r(t) by formula

r (t) = F (n) cos wnt dn. (2)

From (1) it is easy to obtain

a 2 - '

where there is designated

0 .2SFa2 1 (inT2
r, Of- Fol) [I1 n) dm"- .

In work Ogura [6] it is shown that

2 . T
o(T - x) r (x) dx(5)

(this formula is equivalent to the equation of Taylor in the form of
Fourier). Thus it is easy to obtain the expression for the first
two components in (3). But the expression for the third component
in terms of the correlation function was not obtained. When s << T
the smallness of this component followed from physical considerations
and was confirmed by Smith for the particular case when the spectral
function was assigned by equation nF(n) = const.

A more thorough analysis shows that for the last component in
(3) the simple expression in terms of the correlation function can
be obtained. For this (1) is divided into two comporents, and the
obtained integrals are calculated by differentiation with respect
to parameter s (with the calculations it is necessary to remember
that s < T). The final result has the following form:

2 S Tr , j= -= 2 -- .x) r(x) dx - 2. S (Tr- x) r(x) dx +
U 0

,(s--x) 1j2r(x)-r(" ( 6 )
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comparing (6) with '3) and (5), we obtain

a2
=.2 (S- # 12r (x) - r(T +x) -r(T -x) dx. (7)

wO0 0

If one considers that

0<1r(x) I < r(O) 1, (8)

then it is easy to obtain the estimate

a2
--S < . ,(9)

not dependent on the form of correlation of function r(t).

If one assigns the concrete form of correlation function, then
2

formula (6) permits obtaining the exact expression for aT since

for the majority of approximations of the correlation functik.n of
the quadrature in (6) lead to elementary functions or the simplest
special functions. Thus, for example, if one assumes that

r(t) = e - a l t  (10)

then it is easy to obtain

62
r.s ' ==' 2 (T -I+e

O., 0 2 2+

+ 2s + 4 ( -s + - -2y --

Re- aT s
T'-- T sh2r- (ii)

The first two terms in this formula correspond to TsO - S

arid all the remaining ,-mponents appear In os,T'

With the help of formula (11) it is possible to calculate error
obtatned with rejecting In (3) of the last component. Results of

02

calculations of the quantity 6 = are given in the following table:
a ,s

oT 120 12

as 18 1,8 OI 0.01
P4% 25 7,9 7,7 2,4
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Fig. 1. Dependence of a on stability. 1 - 20-minute
period of averaging, summer data; 2 - the same, winter
data; 3 - 4 0-minute period averaging, summer data.

As was shown in [4], f-rmuLa (1), ai., this means atid formula (6),

takes place also when by a' we understand d1spersion not of the
quantity but of wind dirf't!on.

Analysis of experimental ddta [2.1 shows, for example, for the
case of great Instability quantity a Is approximately

0 1 3 , which agrees weil with results of [11. From formula
(11) it is easy to obtain that with such a and the selection of
the internal and external intervals of averaging equal respectively
to 150 and 1200 s, quantity 6 does not exceed 81. Then in (3) the
last component Car tA d-revard0$, where the dlpenJence of dispersion
of the direction of wind on intervals of averaging Is determined by
the first two terms of (11).

Absolute quantities of dispersions of the wind direction and
a.lso their dependence on meteorological conditions can be oLtained as
i, result of analysis of experimental data. The mett.od of corresponding
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observations and analysis is discussed in [2]. In this article in
the supplement to the earlier published work [2] there is examined
dat~a of observations at the Shchekino GRESI for March and July-August
of 1963, during which there were obtained and analyzed recordings
of the M-45 recorder approximately for 700 h. As before, there was
determined the average direction of wind and standard deviation a.
The quantity of the internal period of averaging was 2.5 m and of
external period of averaging, 20 m. (200 h were analyzed also on
~40-minute and hour external. periods of averaging).

De pendences a on the stability and wind speed were sought
separately during the summer (July-August 1963) and winter (March
1963) periods, where in the summer data there are included also
observations of August, 1962.

The obtained results confirm those earlier published in [2],
somewhat definitizing them. From graph given in Fig. 1, where
plotted along the axis of the abscisscjs in logarithmic scale is the

value of parameter AT- which charactErizes the stability of the

mu

atmosphere in the lower layer and along the axis of the ordinates
there is plotted the average (for the examined summer or winter
period) value of a in degrees during a 20-minL~te period of averaging,
it is clear that with an Increase in instability when
AT > (decrease li, emperature with height) values of a in the

m2

summer increase froM 2c1 tco 25' anid in winter almost do not change

and are equal to 3-50. During an Inversion state AT <0) both
2

mu

In wo ter and sunmer value-s os .u'e ave a. change is gtifiCant ly,
t pp ay m tl-me to .- the su'iserd and winter values of o

almost sern v equai In value, In nor aRE tf or5 able states when
voles of o i summer xeeJ wirter- aied aeveral times. Figures
af the M-ew r order ap ro imae lyra 700l .n s idfiate the number
d 2 ,m the ave ag d tion of t st aph In every

The quantity ofe_ I the lntrna teriod of veraiegws25mado

I flned In* -v a I o" vaI UeO f At tie j ~a I It "f ho Vt., t .',3

segte a period o ara g ig, m ( r a e alo on A : a t -
I il' at value_,; fion thel.- n -ar value, for" the exa".fnrtJ'

Pe-m inA ummour wr.t'erni of aver fag ing)f sacattering

Dhepedene of va ut s \f the stabnityeaniin 1 eo opeed of
the w~nJ wa, !Ust a- In work 21, separately for the s 0,

1"9 perod ,hr in rtheT sumer dat ere ar. e inlued al'soobseration of August, 1962

between levels J.; and e'., "i.

ThRe) i(rPc) uState eiofIca oerli Per Stad n[].
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With an increne in the wind speed approximately up to 5-6 m/s
th.A a values with all AT, take rule, decrease, except for

inVersion states in the winter. This
can be seen from Fig. 2, where plotted
along the axis of the ordinates aremean values of a for the examined
periods during a 20-minute period of
averaging and along the axis of the
abscissas, the wind speed at a height
of 1 m.

With an increase in the wind
I- speed above 6 m/s the values of a beth

- - in the summer and winter periods are
changed very little and equal to

-, approximately 20, except for unstable
states in the summer when the mean values

--- 2 of a reach 3.50.

Figure 3 gives the dependence of
a values averaged for two-hour time
intervals according to data of summer

20 40 60tmin recordings (approximately 300 h)
on the period of averaging for
different conditions of stability.

Fig. 3. Dependence of a
on the period of averaging. From the represented data it
1 - unstable conditions; follows that with a change in the
2 - stable, external period of averaging from

20 to 40 min the values of a increases
on an average of 20% during unstable

and 35% during stable states, and with a change in the period of
averagingfrom 40to 60 minl5 and 25% respectively, which will
agree with results of the calculation by the formula (11).

Literature

1. Ariyel', H. Z., Vyutner, E. K., Panin, B. D., Radikevich,
V. M. Rezul'taty izmereniya pul'satsiy temperatury i napravleniya
vetra v prizemnom sloye atmosfery (Results of measurement of pulsa-
tions of temperature and wind direction in the surface layer of the
atmosphere). Tr. GGO i UkrNIGMI, vyp. 144/40, 1963.

2. Gracheva, V. P., Lozhkina, V. P. O ustoychivosti
napravleniya vetra v prizemnom sloye atmosfery (The stability of wind
direction in the surface layer of the atmosphere). Tr. GGO,
vyp. 158, 1964.

3. Gandin, L. S., Kagan, R. L. K tochnosti opredeleniya
sredney velichiny po diskretnym dannym (The accuracy of determination
of the mean quantity by discrete data). Tr. GGO, vyp. 112, 1963.

4. Paskvill, F., Khey, Dkh. C. Diffuziya ot nepreryvnogo
istochnika v zavisimosti ot spektra i masshtaba turbulentnosti (Dif-
fusion from a continuous source depending upon the spectrum and scale
of turbulence). Cb. "Atmosfernaya diffuziya i zagryazneniyye
vozdukha." IL, M., 19B2.

21



5. Kahn, A. B. A generalization of average correlation
methods of spectrum analysis. 1. meteorol., 14,

6. >ar,- . The influenc .f finite observation intervals
on tl:e measurement. 7. meteorol , 1 1, %7 176.

7. Pasquill F. Atmospheric Diffusion., London, 1962.

8 Smith IF. P. The effect of samping, and averag.7ing on the
spectrum of turbulence. ,luart. J. B, )y. set. soc., vol. 88, 376,
1962, 177.



THE QUESTION OF HORIZONTAL SCATTERING

OF IMPURITY IN THE ATMOSPHERE

V. S. Yeliseyev

Discussed here is the method of the determination of
the coefficient of horizontal diffusion according to a
visible outline of smoke from industrial smoke stacks,
and results are given of the calculation and analysis of
parameters characterizing horizontal diffusion according
to data of aircraft observations of the smoke torch of the
Shchekino GRES.1 A comparison is made of obtatned data
with characteristics of horizontal diffusion by Sutton.

The question of horizontal scattering of particles in the
atmosphere plays a very large role in the number of applied and
theoretical problems of meteorology. It is necessary to note that
the question of the vertical component of the coefficient of turbulent
exchange was the subject of numerous investigations both in the
Soviet Union and abroad, and the magnitude of it dependent on the
wind speed, stratification of air and roughness of the underlying
surface in the first approximation is well-known. It is a more
complicated matter with the horizontal component of the exchange
coefficient. A number of works on the horizontal diffusion of
particles [6-9 and others] is well-known, in which the coefficient
of horizontal diffusion is determined on the basis of meteorological
parameters cr data on diffusion of particles in the atmosphere.
One of the natural methods of determining the horizontal exchange
coefficient is the study oi! the behavior of smoke'torches from
industrial stacks, which are sensitive indicators of atmospheric
turbulence.

Upon getting out of the source the smoke gets into the
environment and is transferred by airstreams, coloring them,

I[GRES] (rpac) = State Regional Electric Power Station.
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moreover, inr colors visible to) the human eye. The method ofl
d et ermknation ol the h-orizont'al comporneft of the exchange coefficient
by a visible outline of smoke torch is proposed by M. Ye. Berlyand

[.The essence of this methiod co-nsists in t~he following. We
conidler tUhe equa-. cn of turh-ule-nt c'I.ffusion characterizing the
propagation of smoke torch-les in the at-mosphere,

a ddq(1
dX a~ dz V2v

Here q is the concentriation oft impurity, and Ic, and k yare

vertical and horizontal c ornpnen"tQ of the exchange :coefficient.

The initial condition wit,-, this formulation depends on the type
of tl'- examined source. Taken a~s toundary conditions is the absence
of the flow of smoke on the surface of land and the limitedness of
solution on infinity. It is assumed that changes of coefficient of
norizontal. diffusion with heiolht are approximately proportional to
a change with height of the wind speed, i.e., ky k0 U.

The solution for q is then in the form

q qt (x, y) M(x,y),(2

where

M --- ex(3)
2 4

Qluantlty -,1 i3 the ,solutllon of tne difierentiai e aa t~

Afte integatin E;qain w t UUsett the verti]Cal
from 0 to -, we will obtain the r e lhat io. -,c harac te r 1iin the Condition
of preservation o:f the irrapuril y-in the atmosphere

01

From (2), (3), ()with the making out of th-e me~an value of wind
speed u beyond the initegral sign it follows

_ (6



swhe Vis the wei-ht of the smoke in the column of unit section.

_hen, .... .N .the defined n_ umber, the cloud is not

e . n e - w!e n < . he cloud I transparent. Equality V. = N

determineo the visible contour of the smoke stream.

Observ n- the smoke torch from above or from below, considering
Lh 11is (3) and (6), one can determine parameter k 0 characterizing

he horizontal scattering o the particies. The obtained results
certain to comparatiJve_1, shoi- rt distances from the source. As was
shown in works [3, 4], ai a result of the inst.ability of the average
direct.on of the w ind ditr t - o .. of concentration -eends on the
at LLze.i ceriod of the inta'e o,

In the period of obuservation T > the crobability of recurrence
.of he a ect ion, averaged on perio T, is described by the
nloz.::al Gauss law

i c ia 3 (7)

.. e €. is tne average i I.. i A,,g -g time i.

In this case the mean value of concentation can be obtained
from the solution of the equation of turbulent diffusion, if in it2

xs 0
we repiace parameter k. by some effective coefficient k0 : k +

U 0 0 2
At great distances from the source

x

K r) 2 (8)

Quantity -an be determined on the basis of analysis of

pulsations of the wind vector, as was done in work [5].

At the s me time it is possible to offer another independent
method of determination of parameter 0" In particular, by replacing

in (3) k0 by k, according to (8), and by knowing that equality

= N determines the visible contour of the smoke cloud, it is

SpssIut e to w r.. te approxilmately

,<2U
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When y - 0, x a L, satisfying equation (9), this presents
the total visible length of the torch.

Then

Q (10)

!2

Equating (9) to (10) and replacing 2y = d (where d is the width
of the smoke stream at a fixed distance from the source), we obtain

d (11)
To

where d - the width of the torch at the fixed distance, x -- distance
from the source, L - length of visible contour of the cloud.

Since the parameter *0 practically depends little on distance,
then for the calculation of it it is possible to propose another
formula excluding the visible end of The torch.

Determining the width of the torch at two different distances
from the source, we will obtain the appropriate formulas:

2 d2

whence, excluding L, we obtainYe1

1 
2

2 2Indx

d2 X 2 2

I d 2 -d 2x I

Thus we can determine 00 by the width of the torch at two

distances from the source. During 1962-1963 in the region of the
Shchekino GRES there were conducted combined researches in the
pollution of atmospheric air. In these Investigations, with the
help of aircraft there were determined geometric parameters of the
smoke stream at fixed distances from the source. Flights along the
horizontal were conducted up to a distance where the visible end
of the torch was finished, and it was considered that beyond the
visible border of the smoke stream the concentration of impurity
is practically absent. A diagram of the flight in the horizontal
plane Is shown on Fig. 1. There were conducted a total of
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Fig. I. Diagram of the flight of an
aircraft through a smoke torch in a
horizontal plane.

20 flights. From an analysis of data we obtained that the parameter

.. on an averferK: 0.1 to 0.2 (depending upon annual

ccndltions), but the absolute magnitude of it does not change with
distance up to 30-40 km from the source.

In Tables 1. and 2 data on geometric parameters of a smoke
torch on separate days are reduced.

Table 1. 31 August 1962, L = 17.5 km

-sN 4 NIx i ,I m ::v ".V "M %I'

7

':,:"0 o ,, 0M ,17

Table 2. 5 September i0
L = 42.5 km

X K Ni d m A, :0I d m

,5 1 9 1 .. 0 , 11
10 31'l)0 10 1200 0,01(

1 20F 0 , 39 0 O,13
20 Oi0 u, 11 I

The approximately obtained characterisbics of 0 can be

W compared with data obtained on the basis of the theory of Sutton [7].
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According to this theory, ratio I of ground concentration at
point (x, y) to the value concentration of impurity at point (x, 0)
is determined by the formula

_q_((,-)-K-ep (13)
q (x, (1)cv' CV -" j

where n - parameter of stability of the atmosphere, and cy - virtual

coefficient of horizontal diffusion. Value c is connected with
y

- variance of distribution of ccncentration across the windY

direction in a horizontal direction y - in the following way:

C, (14)

X

From the theoretical scheme (3), examined in accordance with the

replacement of k0 by k0 with calculation of the instability of the

wind direction it is possible to write approximately

q(x, Y) e ( ). V2
q(x, (15)

Then by comparing formulas (13) and (15), we will obtain the

approximate relation

CY (16)

The given transition from cy to 0 has meaning to use in

connection with the fact that in literature there is comparatively
much data on quantity c and its connection with weather conditions.

Recalculation of 00 according to work [i0] showed that 0

does not change with distance from the source up to 16 km, and equals

approximately 0.1 (when n = 0.23).

Using values of cy, given in works [11, 12], it is possible to

show that in the medium z0 
= 0.1, up to 25 km from the source.

Further investigations should be connected with taking into
account the nature of The horizontal diffusion of particles depending
upon meteorological conditions.
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