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As frem 1 April 1978 NEFE adepted the Internaticral System of Units (s1).
The relationship between the new SI units which are used in this report and the
previous units are shown in the table balow. )

Quantity Ne:ngams;ibgﬁi‘t g &h::' O::d%:: Conversion factor
Exposure - ¢ kg" rontgen (R) 1¢ kg-1~ 3876 R
ibsozbed gray (Gy) Txg™ | rad (red) 1 Gy = 100 Tad
Dose sievert {3v) J kg-1 rem {Tem) 1 8v = 106 Tem

equivalent
fetivity beequerel (3q) s curie (01) | 13Bq~2.7x 107 ci




FOREVWORD

In December 1977 a meeting of representatives of Govermment Deparfments.
utilities and research organisations was held to discuss methods of calculation
of atmospheric digpersion for radiocactive releases. Thcee present agreed on the
need for a review of recent developments in atmospheric dispersicn medelling and
an Expert Working Group was established in order to facilitate the review.

The members of the Workcing Group which has proposed the model reported here

were as follows.

Ir B H Clarke National Radiclogical Protection Board
{Chairman)
Dr HM ApSimon Muclear Power Section, Imperial College

of Science and Technology, Lendon

Ir C D Barker Central Electricity Generating Board,
Research Department, Berkeley MNuclear
Laboratories, Berkeley

D B E A Figher Central Electricity Generatimg Board,
Research Department, Central Electricity
Hesearch Laboratory, Leatherhead

Ms L S Fryer United Kingdom Atomic Energy Authority,
Safety and Reliability Directorate,
Risley

Dr A W C Keddie Department of Industry, Warren Springs

Laboratory, Stevenage

Dr D J Moore Central Electricity Generating Beard,
Research Department, Central Electricity
Research Laboratory, leatherhead

Dr F B Smith Ministry of Defence, Meteorological
0ffice, Bracknell

Dr J A Jones National Radielogical Protection Board

(Secretary)

The mein text of this report describes the proposed model; representative
results are presented which have been cbtained by applying the model +o a range
of situations of interest ir the TK, 1In addition there are three technical
appendices which provide some of the rationale behind the decisions made in the
propesed model. These appendices have been contributed by individual members of
the Working Group and are attributed to the responsiblé member.

This report is the first of a series which will give practical guidance on
the estimation of the dispersion of radicactiive releases in the atmosphere. Topics
under ecnsideration by the Working Group for future reports include building
entrairment, plume depletion and long-range dispersion, ie, dispersion up to
several thousand kilcmetres from the source in beth normal cperation and zccident

situations.



1. INTRODUCTION

Any materiél discharged into the atmosphere is carried along by the wind and
dispersed by the action of turbuwlent diffusion, Im the vertical direction the
dispersion deepens the plume until ibe turbulent boundary layer is waifcrmiy
filled. The boundaxry layer is of variable depth, being typically scme tens to
hundreds of metres deep at night and from hundreds to cone or two thousand metres
deep during the day. The depth is usually determined by the themmal and dynamic
energy available %c maintain the turbulence (sce Appendix A). On other occasions
it is limited by the presence of an "extermal" synoptically-induced inversion,
ie, a sharp rise in temperature over several tens of metres which suppresses
vertical motions. EHorizontally the dispersion process is unlimited, and is
effected by turbulence which draws its energy not only from the same sources as
does the vertical turbulence, tumt also from the disturbing influences of large
¢louds, meteorolegical depressicons and anticyclones, and the effects of mountains,
glopes, cities, ete. In the remainder of this report the variaticns in the
intensity of turbulence are reflecied in what is called the stability of the
atmosphere.

The problem of predicting the distributien of airborme material released
from a source is commonly approached by solving the diffusion-transpcrt equation,
There is a2 range of models which have been developed to sglve the equation
depending upon the simplifying assumptions made and boundary conditions imposed.
In this report comsideration has been confined to those models for short and
medium range dispersion (ie, less than 100 km from the source) which are avail-
able and fairly widely used wiithin the TE, Recent reports have compared the
predictions from some of these models for a range of meteorclogical

(3-6)

conditicns(”z) and with a limited amecunt of experimental data

On the basis of these compariscns, the model proposed for use in caleulation
of the dispersion of radicactive releases 1s the Gaussian Flume Diffusion Model,
Other models exist which are considered to represent better the physical processes
of turbulent diffusion in the atmosphere; for example, closure models of which
eddy-di frusivity models’ ()

application in the "real time" estimation of the dispersion of radiocactive material.

are the simplest examples, but these have only a limited

Their main value lies in inereasing the lmowledge of the physical processes
involved and in providing data cn the most likely behaviour of the plume, which
supplements and illuminates experimentalily-determined data. These models, being
more coamplex, generally require more computer time to obtain results and have not
at present been developed 8o that the user may easily relate the values of
parameters required by these computer modeis to readily measurable meteorclogical
quantities, Moreover, the results obtained by Barker(1) and Jones 2) do not
provide evidence that the resuits of the more complex calculations on their owm
give either a sufficiently different result, or 2 greater confidence in the

-1 -



predictiors of downwind concentrations, to warrant the additional complexity and
cest to users. This is pol too surprising since, in the development of parameters
for use in Gaussian plume medels, resulis have heen incorporated from mors complex

calculaticons.

There is work currently being undertaken which may emable the more complex
transport models to be related to easily measured meteorclogical parameters 8)
However, it is likely that it will be several years before such a scheme has been
developed, validated and expressed in a readily usable form, In addition
meteorological data are available for a large number of sites in this country,
expressed in temms of a diffusion typing scheme applicable to the Gaussian plume
model, On the basis of such evidence the use of the Gaussian diffusion model
appears warranted, taking account of recent models developed for obtaining the

basic parameters used.

The models included here apply simply %o the atmosvheric diffusion of a
neutrally buoyant plume over land from an isoclated stack for distances not greater
than 100 ko from the source, provided that meteorclogical and topographical
conditions have remained constant during the travel time. The models have heen
chosen to be compatible with medels which will deal with dry and wet deposition,
plume rise and entraimment of the effluents into the plume wake behind buildings.
These topics will be considered in subsequent reports by the Working Group. The
present report describes the basic model on atmospheric dispersicn. This model
enables calculaticns to be performed for a range of atmospheric stabilities, with
allowance for the influence of the duration of release and the frictional drag of
the underlying surface. OGraphical results are included for short releases, defined
as being of approximately half-an-hour's duration, thether with podifying factors
which enable the release duration to be extended for various times up %to 2L hours.
In addition, graphical data are presented to facilitate the calculation of
dilution for centinucus releases. For these results typical values of parameters
have been chosen so that the results represent the broad range of releases of

interest in the nmuclear industry.

2. TEE GAUSSIAN PLUME DIFFUSICN MCDEL

2.1 Basic formulation

The medel assumes that the dispersion of material ia described by a Gaussian
iistribution characterised by standard deviations, Uy and Uz in the horizental

and vertical directions respectively. The basie equation using a Gaussian plume
model for an eleveted release is as follows:

o3, ) = A emld (L 2o 2)) ]
2% 1110 cz Uy G’y c:'z

"3

where C = the air concentration (Bg m-j) or its time integral (Bq s m-3)
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Q = release rate (Bq s ) or total emount released (Bg)

u,, = wind speed at 10 m above the ground (m s'T)

¢, = standard deviation of the vertical Gaussian distribution {(m)
cy = standard deviation of the horizontal Gaussian distribution (m)
% along the wind direciicn [a)

¥ = restilinear co~ordinates {crosa-wind (m)

z gbove ground (m)

L = effective release height (m)

The origin of the co-ordinate system is at ground level beneath the discharge
point. Im the derivation of eguatiom (1) it is assumed that diffusion in the x-
direetion, ie, in the direction of the wind, can be ignored since for releases
which last a finite time the diffusive component is of negligible importance.
Moreover, it is the time integrated concentration which is of primary interest.

The choice of wind speed ir equation (1) will now be discussed in more detail,

2.2 The choice of wind speed

The velocity of the wind ir the boundzry layer increases with inereasing
height above the ground because the effect of the drag or frictiomal forces at
the surfacs of the earth diminishes with heigh%; the initial rapid increase in
wind speed with height gives way to a much slower increase within a few tens of
metres of the ground and eventually the wind velocity attains 4he geostrophic or
free stream value. For many pracitical purposes it has been convenient tc descrite

the profile by a power law(ﬁ):

afz) = LI (z/10)"
PR 43

where u{z) is the wind speed at height = and u,, i3 the wind speed at the

reference height of 10 metres. The shape of t;g profile depends on n which is a
funection of surface roughness (ie, the physical features, whether natural or man-
made, on the surface of the earth) and, to scme extent, atmospheric stability.
In general, o will increase with inereasing surface roughness and values of n
which have been taken from Smith(9) are given in Table 1 for neutral conditimms.
It is seen in Takle 1 that the dependence of n upen atmospheric stability which

has been discussed by Kedd.ie(s) and Touma(m) has been ignored in the present work.

In digpersicn calculations the expression in equation (2) is commenly used *o
calculate the wind speed at the height of the plume cemtre-line, or the mean wind
gpeed through the depth of the plume given the value of the wind speed at 10 metres.
However, while the wind speed (u) increases, the lateral spread of *he plume (Uy)
decreases with inecreasing height of the source above the ground. In the Gaussian
dispersion moedel (equation (1)) the denominator contains the product of wind speed
u and lateral spread (Gy). For simplification, the Uy valuesa which have been



derived for use with equation (1) correspond with the use of the 10 m wind speed.
Therefore, when evaluating the concentration from equation (1) the 10 metre wind
speed, Wi should be used. Th;s procedure will give rise to an error in the
exponential termexp (- ¥ /26 ) for off-axis concentrations well above the ground
for highly clevated scirces, bu+ the error is accepisbly emall in all cases.
Equation {2) can be used to correct any measured wind speed from the height of
the instruments to the reference height.

2.3 Reflections from the ground and inversion layers

When material is discharged from an elevated source the plume will spread
vertically until the lower part eventually reaches the ground. There is them a
bar to downwards diffusion. The actual vertical distribution of activity is
well represented by asswming that the plume is reflected and effectively dispersed
back up into the air as shown in Figure 1. This can be considered as a virtuzl
gource at a distance h below the ground., In this situation the air concentration

at (x, vy, 3) is given by: '

C(x’ T z) = ) exp I:-vz}
[+ D'Y

2n Byg
2 2
exp - (z-k) + & - §z+h!
[ 2622 ¥ 20z

Inversion conditions, which are positive temperature gradients in the lower
levels of the atmosphere, occur at varying heights; where an inversion existz the
dispersed material would te trapped between this inversion and the ground (see
Figure 1}. HReflections will occur, in this case, both at the ground and at the
top of the mixing layer which is the inversion. In the absence of reflection
the Gaussian plume would spread in a vertical plane to a size determined solely
by 9, at the distance of interest. The effect of introdusing multiple reflections
is that the airborne concentration at the point of interest must be obtained by
sumation of the contributions from many virtual sources, The number of
contributions depends on the relative values of 9 and the depth cf the mixing
layer. The vertical heights of the virtual scurces can be represented as

z = £2mAEh{m=0,1 2, Juess)

where H is the depth of the mixing layer.
The concentration from this series of virtual sources decreases as m increases
and, in general, sufficient accuracy is obtained if the series is fruncated after

the m = 1 term. The concentration distributicn can then be expressed as



2
c{x, vy, z) = ....__.._..0:_........... erp[ -x‘:| Pk, z, 4)
2% Uyq ° UY 20y

e ()

where
2
P(n, z, 4) = Expl:-(_zi)z] + erp[— z+h ] + exp[_ﬁ.zﬂglf]
zczz 20, 20,

- exp[_gzag-z—hlz} + exp[_gzﬁz.;z-bhzz] + exp[_§22~z—h22]
J T
4 Z z

N ).

Although experimental evidence shows that the vertical distribution of
dispersed materials will be non-Gaussian, these formulations enable the Gaussian

model to predict measured ground level concentrations.

When the value of the vertical dispersion coefficient °’Z becomes greater
than the depth of the boundary laysr, the vertical concentration distribution
effectively becomes uniformiy distributed throughout the mixing layer. The

concentration is then given by
2
oz, ¥, 2) = —=8. exp|.=¥_

B €9

The concentration given by equation (4) may te shown(ﬁ) ¢ be within a few
percent of that given by equation (6) for any height above ground (z) and any
stack height (h) when 5, = & Equation (6) will be essentiaily exact at all
downwind distances beyond that for which o = A. Consequently equation (4) snowld
be used to estimate air concentrations at distances where 9, ( A; equation (6)
should be used at larger dAistances,

2.4 Contiruous releases and annual averass concentrations

Thus far the equations for the Gaussian model of atmospheric dispersion
relate %o the situation where the duration of the release is such that the
resulting distribution of activity may be considered to be in the form of a plums.
The equations apply while the meteorological and topograrhical conditions remain
gteady and metheds will be explained in the following sections which enable values
of the relevant parameters tc be assessed. However, there is a need 4o calculate
the average concentration disitribution around a source for releases over extended
pericds, typically months to years. In such situations z different approach may
be adepted. The main feature that changes is that the horizontal dispersion of
the plume is not now satisfactorily described by the Gaussian model with standazd

deviation Gy.



The choice of model here is influenced by the availability of Meteoroclogical
Cffice data for observatiorn sites around the TUnited Kingdom, which is expressed
in terms of the frequency distributicns both of wind directicns and of &
meteorological stability nlassification in thoee directions. The principle
adopted i3 to evaluate the distribution of activity ir sectors defined by the
meteorological data available. In this case the horizontal distribution of the
activity can be assumed to be constant over a sector of angular width a. A4 fypieal
value for the sector width would be /12 {30°) for Meteorolcgical Office data.
The concentration distribution Cij(r, z) in such a sector, i, is then given for
each particular meteorclogical condition, J;

a} for distances such that I,

the condition of interest

3 is less than the boundary layer depth (Aj) in

C,fry,2) = &  F, (h, 3, 4,)
4 ﬂn_rcxu'.c‘zj J <

8]
N
b) for greater distances, when % > Aj
C,.(x, z) = --—Q——
ij
rau . A
B, (8)

where T is the distance from the source (m}; and usj ig8 now the wind speed at the
effective scurce height, or for scources with effective scurce heights of less

than 10 m, it is the 10 m wind speed, in the meteorological condition j.

The wind speed at the effactive source height is calculated using equaticn (2) and
the values of n are giver in Table 1, The use of the wind speed at any particular
gspecified height in €this formula represents an approximation to obéaining
concentrations in the vertical direction. As discussed above in Section 2.2 the
wind speed is a function of height above the ground, but in the contimous release
case the variation in u cannot be compensated by the reduction in T_ with source
height as was the case with the plume, since Gy does not appear ic equations {7} and {(8).
However, using the wind speed at source height in this mcdel gives an acceptabtle

prediction for the ground level concentration.

The average concentration in the ith sector may then be obtained by summing
the concentration obiained for each set of meteorological conditions weighted by
the fractional cecurrence of those conditlions, is,

Ci(r, z) = g fij Cij (z, z)
)

where fij is the frequency of the metecrological condition j within the ith
sector, The source term @ %c be used in equation (7) is the melease rate,
agsumed constant, over the pericd of interest which may Typically be one year.
The time~integrated concentration over the same period will be found by using

the total release.



The width of the sector («)} is detemmined by the number of sectors in which

the meteorological data, fij and uj, are available.

The formalations presernted here are spplicable to long-term average
concentrations where the frequency distributicn of meteorclogical conditions has
gome sStatiatical validity. However there will be occasions where releasee last
for pericds of time whick are of insufficient duration to allow such treaiment.
Such releases may be evaluated using equations (4) and (6) for each period in
which the wind direction and metecroclogical c¢onditicns can be assumed constant.
Further consideration of the effects of fluctuations in wind directicn for

prolenged release durations is givem in Section L.3.

3, TEE CEOICE OF METEORCIOGICAL DISFERSION CATEGORY

Perhaps the most widely lmown scheme for classifying the metecrclogical
conditions into a grouping structure is that dus to Pasquill(12’. Pasquill based
his scheme on a range of experimental observations and suggested values for
dispersion parameters to be used in the Gaussian plume model for six weather
categories, which he designated A to F in order of increasing atmospheric
stability. The procedure for classifying a gZiven set of metecrological conditions
guggested by Pasquill was qualitative and since that time there have been many
attempts to produce awmore quantitative approach. The problem is twofold; firstly
an ettempt must be made to categerise any given combination of heat fluxes, wind
speeds, loud cover, etc; then seccndly, representative values of the dispersion
parameters (ay_ and cz) have to be asoribed to each weather category. Schemes of
this type based on the Gausgian plume model are widely used; for exampls, Vegt
and Geiss 13 nave develcped z typing scheme based upon measured lapse rates
(vertical temperature profiles). A review of a range of these schemes has
recently been preduced by Gifford(w).

In this repcrt the diffusion typing scheme due to Snith(15’16) is used, which
kas been developed from the original Pasquill fomzlation(m). The scheme
proposed by Smith is now quantitative and attempts to take into account a number
of factors, irncluding the sensible heat flux in the lower layers of the atmosphere
{ie, the amount of heat per unit horizontal aTea passing between the air and the
underlying surface as a result of air-surface temperature differences, often caused
by net sclar heating of the surface during the day or radiative cooling at night),
wind speed over a wide range and the effect of ground roughness {grass, woodlands,
water, etc), and clearly distinguishes night-time conditions, Another important
feature of the Smith scheme is its ready applicability and useful presentation, in
nomogram form, of the essential variables.

4 major change from the Pasquill scheme is the choice by 'Smi‘ch(15) to give a
contimious index of atmospheric gtability P, rather than the series of =ix

discrete stability categories, and a description is given in Appendix A of the



derivation of this stability parameter P. In practical situations the value of
the stability parameter can be deduced from the vertical sensible heat flux, and
the 10 m wind speed using the nomcgram shown in Figure 2. The left hand side of
Figure 2 refers to daylight hours when there is incoming solar radiation and it is
seen that the atmosphere carnot be more siable than neutral atmospheric conditions,
with P lying between 3 and 4 and corresponding to Pasquill's category D. In fact,
in Figure 2, Pasquill stability categories have been assigned to the broad ranges
of P to which they apply.

Figure 2 further shows that stable conditions occur only at night and when
there is low wind speed although, strictly, just after dawn and sunset there will
be scme error in this scheme before the correct heat balance in the atmosphere is
established, but this is not considered to lead to significant errors here. It
is also noticed that increasing wind speed tends to give more neutral conditions
even with high solar radiation inmput. In nearly all cases information on the
vertical sensible heat flux can be deduced from the amount of cloud cover, the
time of day and time of year which indicate the incoming sclar radiation. In the
nomogram shown in Figure 3 data are glven to estimate the incoming solar
radiation, 8, typical of the UK and the approximation may be made that the sensible
heat flux, H, is given by the following equation:

B = 0.4 (5-100)

where H and 3 are in Wm-z.

Values of stability index of C.5, 1.5, 2.5, 3.6, 4.5 and 5.5 can be taken as
equivalent to the Pasquill categories A to F respectively. Smith extended the
range of the meteorclogical conditions considered, and a value of the stability
parameter of 6.5 can be taken to correspond to very stable conditieons, scmetimes
referred to as Category G. The values of dispersion parameiers which correspond
to these categories will now be considered.

L. CHOICE OF DISFERSION PARAMETERS

L1 Boundary laver depth and wind speed

In most practical cases the depth of the boun layer is unlikely to be

(17 which is given in Figure L
and shouwld be used whenever sufficient data are available., In those calculations
for which no meteorslogical data are available, the typical values of wind speed
and boundary layer depth have been compiled for use in Table 2., The wind speeds

available, However, Smith has preoduced a nomogram

used are 10 m values and wind speeds at the source height of interest for use in
calculations of long-term average concentration should be obtained from equation(2)
and Tavle 1.



The data shown in Figure L are applicable only in daytime. At night when
stable weather conditions arise, ie, where inversion conditions ocecur, it is alsc
necessary tc take account of multiple reflections within the invercion layer.
Although the inversion layer may staxt at the air/ground interface, in Table 2
values of tyrical inversion heights are given for categories B, T and G so that
squations (L), (%) and (7) may be used for short and continuocus releases

respectively.

L.2 e vertical eloud standard deviation (crz)

The vertical cloud standard deviation (Uz) at a given distance from the
source is a function of the atmeospheric stability, downwind distance and ground

roughmess. The value of C’z can be found using the following procedure:

{a) TFigure 5 tabulates 7, as a fucction of distance in neutral
gtability conditions assuming a ground roughness length (zo)
of 10 cm;

(t) the value of Gz applicable tc any other stability conditions
but for the same 10 cm ground roughness length is obtained
using the ratic of °, in that stablility 1o ¢, in neutral
conditions given in Figure 6;

(c) the value of 9, may be modified for other ground roughness
lengths using the ratico given in Figure 7 which is
applicable for all atmospheric stability conditions.

In Pigure 8, for convenience, values for Uz have been ¢btained assuming a2
value of P for each of the gix Pasquill categories 4 to ¥ (P values of 0.5, 1.5,
2.5, 3.6, L.5 and 5.5). In addition, results for a P value of £.5 are shown
which are appropriate to extremely stable condiiions {category G). The values
Zgiven in FPigure 8 are for a reughness length of 30 cm, which has been gquoted as
a typical roughness length for rural country with small villa.ges(15). and this
value would be appropriate to large areas of southern Bngland. Specific values
of z, for different types of terrain are given in Table 1, which have besn taken
from Smith(9’15’16).

An ansglytical fermula for Uz in esch Pasquill category together with a
correction for roughness lengths, other than for the 10 cm reference value of
z, uged by Smith, has been derived by Hosker(18). The formula and its parameter
values are given in Table 3. A comparison between the walues for ¢, at the
rougtmess length of 10 cm as predicted by Hosker's formulation and the originai
graphical gcheme of Smith is shown in Figure 9. The results indicate that the
Hosker representation provides a good £it to the Smith values and therefore may
be used if desired to avoid any difficulties which may arise in interpclaticm
from the graphical results, The disadvantage of using the Hosker scheme is

that only certain specific roughmness lengths may be used.



4.3 The herizontal cloud standard deviaticn (Gyl

The &ispersion of the plume in the horizontal plane is the result of turbulence
processes together with fluctuations in wind direction. These itwe components can
be thought of as acting independently and in Appendix B a discussion is given of
the horizontal dispersion processes which led to the formilation used here for cy,
?be values of Gy given originally by Pasquill were essentially for very short
{three wimtes typically) releases, or short cbservation times from continmuocus
releages. In the present work it is proposed that this very short three-minute
releage component is retained and applied to releases of much less than 30 minutes
duration. The resulting predicted time integrated concentraticn represents an
upper limit. For longer durations of release some account must be taken of the
fluctuations in wind direction. This variation implies that as the time of release
increases, although each short-term release behaves according to the turbulence of
the atmosphere there is a spread of results over a range of directions. The final

value of GY is that due to Moore(19) and is represented as

N A A
where th is the turbulent diffusion or three minute tzrm,

@  is the component due to fluctuationz in wind direction,
W

For this report, the values of th given by Gifford(zhl shown in Figure 10 and
based on the original work of Pasquill, have heen used and a fuller discussion is
given in Appendix B, The effects of wind direction fluctuations can be included
by using cne of the follewing forms -

=4 = ©
SX

or a 0.065 /1 T x

v b To)

P G 13

whers % iz the stapndard deviation of the horizontal wind directions when
averaged over congecutive three minute periocds and sampled over the
release duration,

T is the releaase duration in hours.
The second equation should be used whenever the value of g is not available.

This form for the horizontal distribution of a plume as represented in
eguations (L) and (6) may be used for any duration of release longer than about
30 minutes for which the weather category and wind direction remain unchanged.

-0 -



L.L4 The sector angie {¢) for meteorological data in continueous reieases

The form for concentraticn distribution given by egquations (7) and (8) may be
used for the concentraticn averaged over a period long compared with the duration
of a given weather category and wipd direction, The angle u« in eguation (7)
shouia be eyual to that for which the distribution of wind direciion and wealher

cetegories iz available from meteorological data; o is measured in radians.

4.5 The stabilitv category distribution for different wind directions (fi 3)

The average concentration in a given direction from a discharge continuing
over an extended period may be a sensitive function of the stability category
distribution for winds bPlowing in the appropriate direction. Where possible this
distribution should be obtained from measurements made at the site or at a loeal
meteorological station and taken over a period of several years. Data on the
frequency distributions of, and wind speeds in each category for a number of sites
are available from the Meteorological Qffice. Where guch data are not available
the t:,(rpgial values for the stability category distributions over the UK derived by
Smith'®

no vetter data are available as it contains ne information on the directional

and shown in Figure 1! may be used. This gption should only be used if

distribution of the stability categories.

5. ACCURACY OF THE FERDICTIONS OF THE SUGGESTED MOIEL

For short duration releases the predicted concentration in the plume is likely
tz be within a factor of three of the actual concentration if measured values are
usaed for all parameters and the correct stability category has been assigned.
Further discussion on the probable accuracy of the predicted concentration is given
in Appendix €. It must be emphasised that the sugrested accuracy is not for a
mimute by minute prediction of concentration, but forits time integrazl over periocds
of at least half-amhour. In general, predictions of the annual average concent-
ration are likely to be more accurate and the work of Keddie(s) has shown agree-
ment to within about £ 508 between measured pollution concentration amd theoretical

predictions for long-term averages from multiple scurces.

The values of the parameters in the models kave maximm reliability for dis-—
persion over distances of up to a few tens of kilcmetres, In this report a maximm
distance of 100 km has been used and it must be emphasised that when considering
dispersion over distances approaching 100 km, predictions are likely to be
inereasingly less accurate than indicated by the factors discussed here.

6. TEE CONDITICONS FOE AFPLICABILITY OF THE PROPOSED SCHEME

The procedure proposed in this report for estimating dispersion is only
applicable vhen the release point is sufficiently distant from surrcunding buildings
for the airflow a% the release height to be relatively undisturbed. The effects of
building entrairment will be comsidersd separately in a later report, but the medel

- 11 -



considered will be compatible with the dispersion scheme suggested here. In
addition the proposed scheme assumes that the height of release used is the
effective height so that account must be taken of the buoyancy and mementum of ths
zluze before applying the medels described hers, PFinally it ig zszumed that *he
released material undergoes no chemical or radicactive transformations and that it
doeg not deposit upon the ground. Again subsequent reperts will consider models
for dry and wet deposition which are compatible with the basic dispersion medel.

In fact, because of the diffusivity profile in the atmosphere, the vertical
dispersion will be a function of the height of release, but for the purpose of
this report the differences in predieted atmospheric concentrations may be ignored.
The methods then presented are adeguate for effective heights of release up to
260 m, for sources within the mixing layer.

7. FREFRESENTATIVE RESULTS FOR DISFERSION FROM SINGIE SOURCES

In the following section typical results are presented for on-axis, downwind,
ground-level, time-integrated concenmtrations for unit release (or standing
concentration per wnit-release rate) from a range of stack heights. The results
have been calculated for four sets of ciroumstances which should cover a wide
range of conditions of interest. In performing the caleulations representative
wind speeds have been used for each atmospheric stability category. In any more
realistic calculaticns the actual distribution of wind speeds applicable to the
site of interest should be used., The first set of results gives downwind
concentrations for short-term releases in conditions representing each of the
seven weather categories, 4 to G. The second set of results indicates how the
downwind concenftrations in each category change as the duration of the relase
increases. The third and fourth sets of resulis are presented to facilitate

caleulations of anmual average concentrations for continuous release situations.

T.1 Short releagse results

In Section 4.3 i* was pointed out that the original Pasquill or Gifford
expressicns for Oy (Figure 10) referred to releases lasting only a few minutes,
typically three-minute release or sampling times. The duration of release, which
perhaps 15 mere useful as a minimum for use in the nuelear industry, is probably
more likely %o be 30 minutes, The first set of results have therefors been
generated for 3C-mimute releases using the equations described above. Equaticns
{71) and (12) have been used to generate 9, a8 a function of distance in the
various weather categories and the results are shown in Figure 12. It is noted
that the variatiom of UY with weather category 1s no longer monotonically
decreasing with increasing atmospheric stability, because of the influence of
the wind speed in equation (12).

- 12 -



The resulting ground level concentrations are shown in Figures 13-19 for
releases in weather categories &4 (P =0.5), B (P = 1.5), ¢ (P = 2.5}, D (P = 3.6),
E (P = L4L.5), F (P= 5.5) and G (P = 6.5}, where P is Smith's stability parameter.
Effective heights of release of up te 200 m have been considered except in
categories ¥ and G and tne depih of the mixing layer has been taken frem the
values in Table 2. The depth of the mixing layer is 100 m in categories F and G
so that the maximm stack height used is alse 100 m. A ground roughmess length
of 30 em has been used as being typical of southern England(15). Wind speed values
for each category were alsso taken from Table 2. The change in slope of the
dispersion curve with distance, which is most necticeable in the unstable categories
{4 and B), is due to the plume dispersing to fi11 the mwixing layer. Beyornd the
point at which this happens there is less diapersion with distance than at shorter

distances,

7.2 EBffects of prolonging the release Juration

Ir Pigures 20-26 results are given for the modifying factors for on-axis
concentrations, which should be used to correct the short release {30 min) results
of Section 7.1 when, for the same release, the duration is extended in time. The
wmodifying factors effectively represent the ratioc of the Gy values for a 30 min
release and sach longer release period respectively. Results are presented for
releases lasting 1, 2, 4, 6, 3 and 12 h in all weather categories. As will be
recaliled from Figure 2, only near neutral conditions can persist for longer pericds
and therefore results are presented additionally for 24 h in categeory D conditicns.
The calculations are presented for all downwind distances from 100 m to 100 km amd
may be used simply as multiplying factors with the relevant ccncentrations for the
30 min releases given in Figures 13=19.

For example, suppose there is a release of one unit of activity in category
F conditicns frem a 30 m stack., Figure 18 shows that at the point of maximm
concentration, 1300 m downwind, for a 30 min duration of release, the time
integrated cconcentration is 1.9 x 10'5. For the same unit release cver 4 h,
Figure 25 shows that the modifying factor is ©.38 for category F conditions and a

downwind distance of 1300 m, leading to a time integrated concentration of O.72'x10-5.

Figures 13 to 26 enable calculations to be performed for a wide range of
conditions of interest for situations where the meteorological conditions remain

constant.

Te3 Results for prolonged or anmual average concentraticns

The procedure for calculating dispersion following prolonged releases or for
obtaining anmual average concentrations has been outlined in Sectien 2.4. The
method proposed is basically to obtain the freguency distributions of wind
directions and the frequency distribution of weather categories in each of these
dirvections, which may then be used with dispersion curves for each sector, To
facilitate these calculations, results are presented for unit releases uniformly
dispersed horizontally through a 300 sector. This sector size has been chosen

- 13 -



since much site specific meteorcloglcal data is obtained in 30° sectors. The
vertical dispersien fellows the weather category chosen and since the results are
to be applied for long-term average concentrations, as suggested in Section 2.1,
the wind speed used will vary as a function of the effective height of the release.
The resuits are shown in Figures 27-33 for categories 4 to G and it will be
noticed that the concemtrations do nct converge at long distances for different
stack heights in the same weather category, because of the different wind speeds

used.

The average concentrations in a sector can now be obtained by taking the total
relezse over the period in question and multiplying by the probabilities of weather
category and wind direction for that sector together with the dilution facters in
Figures 27-33. The resulting concentrations are then sumned over the various
weather categories io give the average time integrated concentration at the point
of interest. :

The final set of results presented are again for continuous release conditions.
In Figures 3L-L0O concentrations are produced as a function of distance for
contimious releases asauming a wniform windrose, ie, dispersion around 2n, and the
digtribution of weather categories are taken from the contours of Spith's Pasquill
Stability Map (Figure 11). Thus Pigure 3L corresponds to 50% category D conditicns
(other categories having the frequencies indicated in Figure 11) and Figure LO
corresponds te¢ 80% category D.

These results may be used for releases at sites for which meteorslogical data
is not available, the most appropriate set of dispersicn curves being chosen from
the location of the site of interest on Pigure 11, If there is knowledge of the
windrose, then the dilution factors from the appropriate figure may be weighted by
the frequency distribution of wind directions. The approximation them ig that the
frequency of weather categories is independent of wind direction. This may be a

reasonable assumption for many sites.

If, however, datas are available for the freguency distributions of weather
categories by direction for the site of interest, and those distributions of
weather categories may be approximated by the standard combinations used in
Figures 34-L0, then the long-term average concentration may be caleulated fairly
easily, For each sector around the site, onme of the Figures 3L-40 will be most
applicable. Knowing the fractiomal release into that sector for the period
of interest, that source term can be used with the dilution factor from the most
applicable combination of weather categories for Figures 3L-LC which must be
multiplied by the mumber of gsectors., This factor must be used because Figures
34-L0 asmumie a uniform distribution of the sgurce term around Zn, whereas if
calculations are performed on a sector basis, the release into the sector is used
%o obtain the diluticn factor.

T



6.  CONCLUSTONS

In this report a method has been proposed for the calculation of the
dispersion of muclear effluents in the short and medium distance ranges from the
gource. No new models have been developed, but various features from existing
models have been used to produce a new procedure for calculation of atmospheric
dispersion. In proposing the procedure consideration has been given net conly to
the recent developments in calculations of meteorclogical dispersion, but also to
the ease of applicability of the medel and the availability of a scheme to classify
any given set of metsorological conditions into parsmeters for use in the variocus
models available. On the basis of theas considerations a Gaussian plume model has
been used and a methodelogy has been outlined for a diffusion category typing

scheme,

Results from the resuliing dispersion medel have been obtained which allew
estimation of the dilution factors for a range of release durations from the short
temm, here chosen to be 30 min, to amrmual average concentrations.

The model applies to dispersiocn of a non-depositing effluent from a stack
where the influence of surrourding buildings may be igncred. The basic model
proposed here has, however, been chosen so that in subsequent work it may be
modified to allow for the effects of building entraimment, deposition frem the

plume and radicactive transformaticns.
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1. SOMBCLS TSED

4 Depth of mixing layer {(m)

¢(r,z) Air concentration for a comtinucus release at radius r {Bg m-j)

¢{x,y,z) Air concentration or its time integral for a short relezse (3g o3 eor
Bg 5 ol 3

fij Frequency distributicn of wind direction and weather category in the

ith sector and jth category.

F A term defined in equation (5) giving the vertical distribution of
activity in the plume

h Effective release height (m)

=4 Vertical heat flux (W o2 )

i Subseript denoting sector

3 Subsceript denocting categery

n Index of the power law relating wind speed with height above ground
P Index of atmospheric stability

2 Release rate or total activity released (Bq ! or Bq)

r Distance from the release point for a contisucus release (m)

5 Incoming solar radiation (W m‘z)

T Release duration (h)

u, Wind speed at the effective stack height {m s_j)

u(z) Wind speed at height z (m 5'1)

LI Wind speed at a height of 10 un (m s_q)

x along the mean wind direction
T Rectilinear co-ordinates horizontally at right angles to the
z mean wind direetion vertically
z, Ground roughness length (m)

o Anguiar width of a sector {radisns)

:F Standard deviation of the cross-wind Gaussian plume profile (m)

g:‘ft Standard deviation of the cross-wind Gaussian plume profile due to

tarbulent diffusion (m)

c Standard deviation ¢f the cross-wind Gaussian plume profile due to
Yu fluctuations in winé direction (m)

e, Standard deviation of the vertical Gaussian plume profile (m)

o Standard deviation of the horizontal wind direction fluctuation (radians)
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Table 1

Values for use in calewlating wind speed at

source height

- »
Terrain "o n
(m)
Sea 10'14' 0.07
Sandy desert 1073 0.1
Short grass 0.005 0.13
Open grassland 0.02 0.15
Root crops 0.1 0.2
oul bural {o0.2 0.24
areas 10.3 0.255
Parkland
Cpen suburbia 0.5 0.3
Cities, woodlands 1.0 0.39

¥4 values obtained assuming the relatianship u(z) = uw(__z_.)n

1¢
Under near-neutral stability conditions the power-law form of the wind speed
profile can be compared with the more acourate log-law form of the profile. The
exponent n may then be related to z, by equating the wind speeds in the %two forms
at S m and 50 m above ground {or, more striectly, abeve the so-called displacement

height).

the log-law is u = "% 1p &
T Zg
in S0/ Z,
Hence n =
in 5/ Z,

giving values for n in the table.

In unstable conditions the log-law profile may be medified to:

-1
u(z) = B (1.112'_1 + 2tan”'y + 1nlpl| - l)
k F+1 220 2

1
where y = (1 + 16 2) /h, L iz the Monin-Cbukhev length {see Appendiz 4)
provided Z, K1m, z4 ILI

While in stable conditions the form is

2
Q

ulz) = B (lni + 5-2(_.2_.:_1&))
k L

provided z { L.
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Tople 2

Typical values of wind speed and depih of mixing layer

for use when measured values are not available

Typical
Stability wind speed Typical mixing
category at 10 m lzyer depth
{w/s) ()
A 1 13G0
B 2 300
¢ 5 8co
) S 800
E 3 00
F 2 100
G 1 10C
Table 3

Goefficients given by Hosker to derive the vertical standard feviation of
the plume for the verious stability catesgories

b

Vertical standard deviation, € = AX ™Mz , x)
z d [}
1+ex
Stability a b . a
categoTy
A 0.112 1.06 .38 x 10‘“ 0.815
B 0.130 0.950 6.52 x 10‘h 0.750
c 0.112 0.920 9,05 x 10‘h 0.718
D 0.098 0.889 1.35 x 1073 0.588
B 0.0609 0.895 1.96 x 107> 0.58L
P 0.0638 0.783 1.36 x 1073 0.672
Coefficients for the roughness correction factor
Roughness length P g B 3
(m)
0.0 1.56 0.0L30 £.25 x 10“*‘ 0.45
G0k 2.02 0.0269 7.76 x 10'1‘ 0.37
0.1 2,72 0 0 0
0.4 5.16 -0.098 18.6 -0.225
1.0 7.37 -0.0957 | 4.29 x 10° | -0.60
4.0 1,7 -0.128 | u.5gx 1ot | -0.78
'1n(f £ 01+ x‘j}_1]) , g » 0.1 m
F(Z ,x) = 1
0 ln(f £ [14+n x-']]‘) z, < 0.1 1
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Figure 1. Virtual
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Figure 11. Frequency of occurrence of the
Pasquill stability categories
over Great Britain
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Figure 27. On-axis ground level time

integrated concentrations for

unit releases as a function of
effective height of release for
uniform horizontal dispersion into
a sector of angular width 7/g
(30°} in Category A conditions
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Figure 28 On-axis ground level time
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effective height of release for
uniform horizontal dispersion into
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Figure 30. On-axis ground level time
integrated concentrations for
unit releases as a function of
effective height of release for
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Figure 32. On-axis ground level time
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unit releases as a function of
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(30°) in Category F conditions
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Figure 33. On-axis ground level time
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unit releases as a function of
effective height of release for
uniform horizontal dispersion into
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Figure 34. Continucus release results for
ground level concentration as a
function of distance and effective
stack height for unit release. A
uniform windrose is assumed
and the fregquency distribution of
Pasquill categories corresponds
to the 50% ‘D' contour of the UK

Pasquill stability map (seeFigureil)
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Figure 35. Continuous release results for
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uniform windrose is assumed
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Figure 37. Continuous release results for

ground level concentration as a
function of distance and effective
stack height for unit release. A
uniform windrose is assumed
and the frequency distribution of
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to the 65 % 'D'contour of the UK

Pasquill stability map {seeFigurefl)
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Figure 39. Continuouds release results for
ground level concentration as a
function of distance and effective
stack height for unit release. A
uniform windrose is assumed
and the frequency distribution of
Pasquill categories corresponds
to the 75 % ‘D' contour of the UK
Pasquill stability map (seeFigureil)
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function of distance and effective
stack height for unit release. A
uniform windrose is assumed
and the frequency distribution of
Pasquill categories corresponds
to the 80 % ‘D contour of the UK

Pasquill stability map (seeFigurell)
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AFPENDIX A

Diffusion in the lower layers of the atmosphere

¥ B Smith
Meteorological Office, Bracknell, Berks

Vertical diffusicn of pollutant within the atmosphere is a consequence of
turbulent motions or eddies superimposed on the mean zirflow. The more intense
these eddies are, and the larger they are, the more rapid is the dispersion.
Ground level concentrations are at first enmhanced by rapid dispersion if the
source is elevated but are later diminished., Z¥For ground level sources, the

surface concentrations are always reduced by rapid vertical dispersion.

There are two nomal gscurces of turbulent energy. The first is dynamic in
nature and arises froem the breaking action of a rough underlying surface on the
airflow. This results irn momentum and energy being transferred from the mean
motion into the "tumbling" eddies. The eddies in turn help to bring down mean-
motion momentim from aleft tc balance the losses in the surface layers. The
intensity of turbulence increases both with wind speed and with roughness zZ, of
the underlying surface. One measure of the intensity is the friction velocity u,,
defined as:

where T iz the surface drag per unit surface area;

P is the air density.
Typically the ratic of u, to the wind at 10 o lies between 0.05 for a smooth open
surface and 0.20 for a very rough surface. Over typical countryside u*: 0.1 Yyqe
In neutral stability conditions the intensity of the vertical motions, represented
by the root-mean-square vertical velocity Gw, is directly related to u, in the

first few tens of metres above ground.

Uw 1.3 u, generally, and

= 0,13 Wy, over typical British countryside.

The second major source (or sink) of turbuleni energy is the bucyancy generated
by internal density or temperature differences, These differences arise fram the
air and the underlying ground surface having different temperatures and water vapour
pressures. Unlike the situation over the sea, the tucyancy effects arising from
water vapour over land can normally e neglected and attention can be concentrated

on the consequential flux of sensible heat either frem the ground into the air
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(when the former is hotter than the latter as it often is during the day} eor the
reverse (as often happens at night).

Turing the day incoming solar radiation tends to heat the ground and scme
fraction of this may be advected into the overlying alrflow as zznsikle heas.
The elevation of the sun, the amount and type of cloud and the dampness and
character of the ground surface are obvicus factors determining the upward heat
flux H. At night the grournd usually cools as a result of an imbalance between
outgoing and inceming long-wave radiation. The incoming radiation component is
largely governed by the amcunt of cloud, and is thérefore probably the principal
variable determining the themmal infiuence of the ground on the air at night.

Waer the sensible heat flux E is upwards (from the ground to the air) the air
temperature tends to increase rapidly in a downward direction and, in consequence, any fluid
element perturbed upwards, say, scon finds itself hotter than its enviromment and
bucyancy accelerates it upwards. The motion ls unstable, turbululent motions tend
%o be intense, and pollution dispersion is rapid. At night when the heat flux is
downwards, the temperature decreases downwards and perturbed fluid elements are
socn restered back to their original levels. Turbulence iends therefore %o be
gsuppressed and digpersion is slow. Turbulence may be entirely quenched in time,
especially in clear sky conditions when surface cooling is rapid and in light
winds when the dynamic gemeration is small.

In 1959 Pasquill(w)
relate what experimental data on vertical dispersien was available at that time

, recognising these basic physical principles, tried to

to meteorological factors related to these basic parameters. It was clearly
gensible to select factors which could be rapidly chserved or assessed without
sophisticated instrumentation. The scheme developed was in this sense based
soundly on gocd physical and practical concepts, but the details of the relation- -
ships were empirical. Pasquill defined six stability categories, A to F, in
which A represents the most unstable condifions, B and C less unstable, D neutral,
E and F stable conditions. Iater a very stable cate%?§y1g)was added to the list.
The details of the scheme are elaborated in Pasguill: ™’ .

A1 set out the essentials of his scheme.

Figure &1 and Table

Smith(15) {gee also Pasquill(16)) later generalised the original scheme in
the following ways:

{i) by helping the user o obtain a more objective estimate of the
incoming solar radiation as a function of time of day, month
and cloud;

(ii) by making specific allowance for surface roughness z ;

(iii) by replacing the seven classes by a continuous mmerical scale
from ¢ to 7.
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To achieve this generalisation, Smith used measurements of radiaticn made =zt
Cambridge to help with (i) above, and an improved understanding of the turbulent
structure of the boundary layer to specify the eddy diffusivity profile K(z) as a
functicn of wind speed, stebility and roughness, and to thereby derive mumerical

soiutione €0 the <ddy diffusivity equavion:

wd _ 2 [ x(z)2c]

3 T %z Sz

These solutions were added to the experimental data to provide an extended and
improved scheme (see Figures 2,3,5-7) which are described in more detail by

Pasqui11¢1®),

Nevertheless, Figure 2 itself contains little more essential physics than
Table A1 on which it is based. Recently Smith has revised the curves on the unstable
zide without implying the original Table At needs significant alterztion. The
cause. of the changes to the figure comes from recognising that the vertical
dispersicn of a pollutént must depend on the thermodynamic stability of the mixing
layer, that is on the parameters discussed earlier in this appendix. Thus for a
given distaznce downwind from a grournd level source, the vertical spread of the
plume {represented by the root-mean-square height of the pollutant particles Jz)

must depend on the basic parameters as follows:

cz = cz(u*: EH, ZO)

The question arises as to the form of this dependence, It may be anticipated that,
for & given z, the other fwe parammeters should be combined in a way that expreases
"stability". The only such combination which ig independent of height is in terms
of

ﬁcpTuZ
kgl
f ig the coriolis parameter (= 1.12 x 10~4 at latitude 51°W)
k is von Earman's comstant {“U.L).
Thus ¢ is propertional to E/ui and, for the UK, the constant of proportiocnality is
~0.038 and it would be reasonable to postulate that

where L is the Monin-Cbukhev length scale = -

2 T % (s zo)

The best fit between P and p implied by Pigure 2 ia given by

P = 1.6
1+X(p*)

0.33u, + begp® - 203

w, =Jel ~3.8 x ‘IO'-h H/ui
100
2

-1 -
U, isinms , HisinWm .

where X{u,)
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The wind prefile relationship for unstable conditicns gquoted in Table 1 can be used

to relate u, to u.lo and H.

Very approximately for z, = C.lm

wy, 2 {uw + 0_85'_]
12 H+100

Figure 11 shows the gecgraphical distribution of Pasquill stabilities (as
defined originally by Pasquill) within the UK., This is a version of ap earlier
map, refined by the addition of more statistics. 4s the map implies there is a
fairly good correlation between the average mean wind speed and the percentage
frequency of the neutral category, and this has been used toc extend the contours
into areas with no P-staiistics. Observations are very sparse in mountainous

areas and it may be that the D category frequencies are underestimated in these
exposed windy areas.
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Figure A1 Tentative estimates of vertical spread (he=2.15%;)
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in open country

Table A1
Surface Insolation Night
wind speed Thinl 3
1 . . vy overcast <3/
(m a=1} Strong | Moderate | Slight | /8 Tow cloud | cloud
<2 A A-B B - -
2=-3 A-B B C B P
3-3 B B-C c D E
5-6 C c-I D D D
6 C D h D D

(for A-B take average of values for A and B etc)

Strong insolation correspends to sunny midday in midsummer in England, slight
insclation to similar conditions in midwinter. Night refers to the period fram 1 h
before sunset to 1 h after dawn. The neutral category D should alsc be used,
regardless of wind speed, for overcast conditions during day or night, and for any
gky conditions during the hour preceding or following night as definsd above. The
1(1) eurve should be followed to the top of the dry-adiabatic leyer; thersafter,
in sub-adiabatic cenditions, D{2) or a curve parallel to D(2) should be followed.
(Pasquill 1961. from The Meteorolegical Magazine, February 1961, HMSO, Crown
Copyright Reserved)
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Table A2

Meteorclogical parameters as a2 funection of stability class

Pasquill Mean Mean heat FrictionT

stability Category % frequency wind uqq flux H velocity u, zi+
¥ @s") | (wad) @s™) | @
0.5 A 0.125 0.625 250 0.11 1300
1 A-B 1.25 1.25 180 0.17 1080
1,5 B 1.8 2,0 150 0.24 920
2 B-C 2.6 3.37 125 0.33 BBo
2.5 c 15.0 L.12 90 0.38 BLO
3.6 D 2.4 k.12 g 3.36 800
L.5 E 6.7 3.4 ? ? ~400
6 PG 8.4 1.2 ? ? ~300

* Estimates of z; are based on the work of Carson(m) and Smi'th(W)

T
4 surface roughness 2 = C.1 m is assumed.

The standard deviation of z; about the mean is expected tc be about 250 m for each
P-category (Pgh).
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APYENDIX B

The determination of the cresswind spread T4

BEZ A PFisher and T J Icure

CEGE Research Division, Central Electricity
Research Laboratcries, Leathserhead, Surrey

The modelling guidelines are intended to apply out to a nomiral travel
distance of 100 km from the source. However, the measurements to which reference
is made only invelve travel distances up to about 1C km. EHence the extrapnlation
of these %echrnigues to lenger distances should be treated with caution. The upper
1imit on what is a valid travel distance for the model should cnly be regarded as
an approximate criterion of the disiance at which other importani effects (to be
discugssed in later reports) canmot be ignored. Even out to travel distances of
10 k= there may be special effscts disturbing the flow, The dispersion is assumed
to occur over open level couniry, not strengly influenced by tuildings or
topographical features, for exampie. If special effects are thought to influence
the flow, separate additional caleculation or wind tumnel modelling, at the
discretion of the user, iz required. It is also assumed that the effect of
relative motion on the dispersion is not important.

In the following discussion the conditions of release of the airborme
material are not discussed and will, in many cases, lsad to a modification of Gy.
in intelligent application of the methods is left to the user's discreticn. In
the first section of this discussion we consider the crosswind spread of pollution
from a contimuous source. The application of similar equations to a scurce with a
finite release time can often be made, but the terms must be interpreted differently
(gee equation (B6)). EHowever, these arguments definitely do met apply to the
concentration distribution of an instantanecusly released cloud or puff of
pellutant, the spread of which depends on relative diffusion.

Gy, the standard deviation of the concentration distribution in the horizontal
direction,is dependent on horizental turbulent fluctuations over various time scales
(ie, on microscale, mescscale and large scale eddies and on the interzcticn between
vertical turbulent fluctuations and the shear in the mearn horizental wind velocity).
In the nearfield when a plume has not spread deeply through the atmespheric boundary
layer this last temm is not very important and it will not be considered explicitly
in the following. However it may be the reason thet measurements of © against
digtance indicate a distance dependence which is not a power law of distance with
a simple exponent.
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The way in which Sy depends on eddy sizes and on averaging time and travel
time can be seen from Taylor's theory of diffusion in stationary, homogeneous

conditions. ﬂy_ is then given by

t t
2 2 1
cy = 29 [ / R(tz)dtzdt1
o ¥ 0

where Gy_ is standard deviation of horizontal wind fluctuations and R{t) ia the
Langrangian autocorrelation of the herizontal wind velocity fluctuatiops. R(t) =9
for small t (t/tL,g 1) and zero fer large % (t/tL »» 1) where the Langrangian

time scale, t.,is defined by J: R(t)at,

1

Though equation {B1) does not apply to atmospheric turbulence which is
neither homogenecus nor stationary it illustrates a mmber of peints which are
true even in the simplest situations. Equation {31) only applies tc the "engemble"
average of a large mumber of realisations of the flew. Thus all estimates of
concentration hased on theory are of "ensemble average" concentrations for stated
dispersion conditions and are not estimaies of the concentration for specific
oceasions, Secondly, the wide range of scales of horizomtal turbulence shows that
the 1limit t/tI, >> 1 in the autccorrelation funetion is mever reached and the

assumption of an effective horizontal eddy diffusivity is not appropriate.

The uneual assumption made is that a major contribution to the crosswind
spread is from eddies with a Langrangian time scale long compared with travel time,
50 that

s 2 - ¢ 2tzb2 .z 2
¥ v Iy
P ¢ -1

where Ty is the turbulence-induced term and v is an empirical correction hope-
fully close to one, since cv can be measured directly, and the secend temm is the
contribution from microscale turbulencs. % depends on the sampling time, T, over
which fluctuations are measured and alsc on height above ground. The averazging
time for these measurements should be long enocugh to smooth out the effects of
microscale turbulence., For sampling times between one and twenty-four hours

large scale wind fluctuations cause plume meanderings which produce additional
lateral spread, which should be incorporated in the expression for Cv. 1t was
decided to approximate szbz in the following way.

For sampling time T = 1 h, the average crosswind spread from measurements of
digpersion around tall stacks out to 15 km(zz) was represented by the simple
expression Cy = ,08x. There was a tendency for a larger apread in light winds and
a smaller spread in sirong winds. Measurements made about 100 m above ground on
an adjacent meteorological tower, suggested that Cg (= U‘v/u) varied from 0.16 for
light winds (w = 1 m &~ ) % 0.05 in strong winde(®3) (w > 16 m &~ '). Hemce o,
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could be approximzted Dby

cy = 0.08(1\% X

u/
......,........(33)

The first term of equation {(B2) can be written b2 (:?v/u)2 (ut)2 = ‘bgcezxz, where

the wind speed is mpeasured at some suitable height, The crosswind spread is there-
fore a function of both travel time and wind speed or %ravel distance and wind
gpeed. Tt only depends on travel distance alone if ’oz(cvju)2 is independent of
velocity end either the same restriction applies to the microscale term or the
microscale term is small. Equation (B3) suggests that b(Uv/u} is only weakly
dependent on wind speed.

ay and u are clearly dependent on height above ground at which they are
aszasured. However, since they occur in the combination udy ir the expression for
the concentration and qu ig approximately equal to G’vr:, which is reughly
independent of height, this is not z problem. 4s long as Uy and u are referred
to the same height above ground it is not too important to fix their height
dependence,

For a low level source (<70 mabove sround) a standard height of 10 m is
convenient being the norwal height at which wind speeds are measured near the
ground in meteorological applications. TFor high level emission (>70 m above
ground) it is more convenient to refer u and Gy to the mean effective height of
the plume on emission. Some error is included in most practical applications as
usually cy ie referred to near ground level, but this is regarded as acceptable
{see Section 2.2 of main report). This may also be the reason why the analysis of
experimental data leads to a power law dependence »n distance in C-’y {a xo'8_0’9)
which is close to, but less than one.

The argment above does not apply to the calculation of the long-term
average concentration, the formula for which does not include cy explicitly. For
thig situation it was agreed that either the wind speed at the effective slack
height or the average wind speed over the depth of the plume should be used.

{19)
2L houra by generalising the expression for Uy e

°y = 0.08 (%)’} x

Moore extended equation {B3) to longer sampling iimes of between 1 to

PR ¢:11).

where T i3 the sampling time in hours. This reduces tc expression (B3) for a
sampling time of one hour. For a sampling time of one day when the mean wind

-1
gpeed is To s , Ge/x = 22—%0. Thus wind direction fluctuations averaged over a
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day are confined to a sector of angular width

23 x 2 = a°
defining the sector in terms of an equivalent plume with rectangular cross-section.
This is in broad agreement with measured variations of wind direction over one
day, Equation (BL) is based on measurements of wind direction fluctuations on tall
towers and agrees with the large mumber of routine daily measurements of sulphur
diexide at ground level around powexr stations. It is not valid for days when a sea
breeze reverses the wind direction or a feeture such as a depression centre or
front crosses the area.

For sampling times of less than cne hour and especially for short-term sampling,
such as over three min, there is an important contribution tc the crcsswind dispersions
from microscale turbulence. In order to include this, UYtzéh§iven by Gifford's
standard curves which refer fto a three min sampling time , has been gdded
explicitly in egquation {B2). Gifford's suggestion for including the effect of
sampling time 23 haz not been adopted. This is because of the egsentially different
nature of the turbulent contributions in different sampling time ranges. Since the
migroscale contribution has been implicitly included in the original formmlaticn,
equation (B3), Moore(19) sugrests an alternative value for the smpirical constant,
leading to a final form for C-‘y, of

cyz = (6.065x)° (l) o

u

D 619

The new value of the empirical conmstant (0.065) in this expression was chosen
because the microscale turbulence accounted for about cne third of the variance at
a distance of Skmina 7o s~ wind and 0.065 = /2/3 z 0,08. In equaticn (B5)
the microscale turbulence term has been wriftten as 522 since it is expected to be
comparable with the variance in the vertical concentraticn distribution,
Alternatively, the expression from Gifford(zu) for the standard deviation of the
horizontal concentration distribution referred to a sampling time of three min;

Uy (Gifford, three min), could be used if this is greater. Barker 3 confimms
that this expression for Gy together with the method for estimating vertical
dispersion recommended by this Working Growp gives a measonable fit to a data set
of measurements of dispersion from sources with effective heights up to 200 m. For
this reascn Gifford's c’y values are used in equation (BS) and the modified
equation {B5) is thought to be a reascnable compromise between producing a simple
usable expression and the complicated physical processes which determine the
crosswind spread out to distances of 100 km.
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For many applications it is necessary to kmow the crosswind spread of a cluster
of particles, ie, a cloud or puff of airborne material. The concentration
distribution in a horizontal plane {assuming the vertical concentration distritution

is a steady function of travel time) iz then, $5 a reasonable approximation,

alty) Rl M z);
2 01 202,02 2(0y)

..... P 013

where 7 o (t-to) and 9_; (t—tc) are the spreads of the puff, or cloud at time t,
q(t,) is the quantity of material emitted at time t_, and E(t,tc) and y(t,t,) ave
the centroids of the cloud. In general the puff standard deviation, vy'I’ will
diffar from the corresponding plume standard deviatiom, Uy. {See Gifford.(zh) for
a simple accouni of relative diffusion.) In muclear applications one usually
requires the time-integrated dose and sc integrates equation (B6) with respect %o
4, for the time it takes for the cloud to pass over the receptor point (x,y-).
Sinee it ig a reasonable approximation to write ¥ = Tf(‘c-—to) equation (36) reduces

on integration, to

2
/J_ aty) erp - oY)
f2n g UYI 2(cy:[)2

S 618

which has the same form as the expression for the concentration from a2 comtinuous
source except that now Q(to) is the total emission and not the rate of emissicm,
I is the crosswind spread of the cloud and nect that of the plume. It has
been assumed that the time for the passage of the cloud over the receptor is
sufficiently short for cyI {t—to) G’YI(x/u) and y'(‘t,to) = y(to + x/u, to).

ang

Equation {B7) applies to an effectively instantaneous period of releass at
time to. If the periocd of the release is finite one pust integrate equation (B7)
with respect to to over the period cf the release T', If the period of release
T' is much longer than the travel time x/T, the resulting dose is the =um of a
large mumber of individual puffs, One then may reasonabtly expect the distribution
of puff cemtres F(t  + x/u, t,) to be Gaussian with a standard deviation Tp (x/u).

The dose hecomes

qr otp - ¥
7z 50y + (00,)7) 2 (22 + (00

-70 -



¢
Thiz is just another way of writing G:Lfford.'s‘zs}

fluetnating pilume model. 3Ioth
2
t

and @ depend on two-particle siatistics which are difficult to evaluate.

g
Fgf- examplf as cnly eddies of size less than and equal to the cloud width
contrivute to the relative diffusion, the initial source configuration affects the
gpread of a puff in a complicated way. Bowever, 1f the dese can be considered to
te the sum of contributions from a large number of indivicdual puffs, the crosswind
spread Uﬂz + aﬁ"2 in equation {B8) can be identified with the crosswind spresd
from a continuous source, as given by equation (B5), provided T the sampling time
in eguation (B5) is now taken to be the duration of release T'. If the release
duration is so short that the emission must be treated as a puff cther methods may

be mere applicable (see Pa.squill(m) and Smith and Hay(27)).

The reccmmended methed for specifying 9 is related to other metheds. The
first term on the right hand side of equation (BS) can be related t¢ Hay and
Pasquill's expression for Gy 28 , namely

2 2
v = [CE]T,x/aﬁ“"

2

veceveirsvcases (BD)

vwhere [082] T,%/8% is the standard deviation of the wind direction from a record
averaging over elementary intervals x/3T {where § is the Tatio of Langrangian and
Eulerian time-scales) and extending over either the period of release or the periecd
of sampling. The method depends directly on wind fluctuation measurements, which
are to be recommended, though not usually available in practice.

Similarity theory cannot be applied to horizontal dispersion because other
velocity and length scales asscciated with larger scale flow features, apart frem

g and u,, must affect the conceniration.
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APFENDIX ©

Accuracy of the prediction »f ercemble means

and the spread about the mean

BEA Fisher and T J Mcore

CEGB Research Division, Central Electricity
Research Laboratcries, Leatherhead, Surrey

Any calculation based on a model implies the assumption of an idealised
boundary layer structure. The structure is based on some broad classification of
meteorological conditions, There will always be considerable variations in
concentrations for periods described by the same dispersion category. These
variations can be due to variaticns in source strength, or fluctuations within
dispersion categories, but are more likely to be because of departures from
idealised boundary layer behaviour. For example, the plume from elevated sources
may escape from the turbulent layer for various fractions of the sampling period,
or there mey be a change in surface roughness, or variaticns in the surface heat
flux.

In order to estimate the variations to be expected within a given wind speed/

stability category results from Moore(zg)

may be used on the variability of the
meximum ground level concentration from slevated scurces. Typically the ratio of
the stapdard deviation of concentrations about the mean, for a given dispersion
category, to the enserble mean lay in the range 0.5 te 0.7 with the larger scatter,
in conditions deminated by convectiorn, and with the smaller scatter, in conditions
dominated by mechanical turbulence. The ratic of the standard deviation of
fluctuations in source strength to the mean source was abocut C.3. Houghly
speaking, in eonvective conditions the concentration may vary between 0 and 3
times the ensemble average for that wind sPeed/stability category with the
probability of finding zerc concentrations being highest. In cenditicns deminated
by mechanical turbulence concentraticns are distributed more equally about the
ensemble mean concentraiiorn with infreguent occurrences of zerc concentrations and
concentrations twice the ensemble mean. ({For more infermation see Table C1 and
Figure C1.)

These mmbers give some idea of the spread in observed concentration wvalues
around the mean concentraticn. The main error in calculations of the ensemble
mean ccncentration for a given occasion is likely %o come from am incorrect choice
of the wind speed/stability conditions., Hence a simple measure of the gpread in
values of the ensemble average is cbtained by considering the concentration in
adjacent stability categories.
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Table C1

Ratic of mean phserved/calculated maximum ground level concentration for individual hour's data

- ¢l -

Wi(nd B_?f)@d 1 3 5 7 9 1 13 15 >16 Al
Jen-Feb 1.0 {0.1) | 0.9 (o.4) | 0.8 {(0.4) | 0.9 (0.4) | 0.8 (0.3} | 0.8 (0.3) | 0.9 (0.4}
Marc-Apr 1.0 {1.0) | 1.1 (0.6) | t.1 (0.6) | 1.1 (0.6} | 1.2 {0.7) | 1.1 (0.8} | 0.9 (0.3) | 0.9 (0.2) } 0.9 {(0.0) | 1.1 (0.6)
Time of May-Jun | 0.9 (0.7) | 1.1 (0.9) | 1.0 (0.6) | 1.1 (0.7) | 1.0 {0.5) | 1.1 (0.5) { 1.1 (0.5) | 1.0 (0.3) | o.7 (0.1) } 1.0 (0.6)
year Jul-aug | 0.5 (0.1} | 0.7 (0.3} ] 0.9 {0.5) | 1.0 (0.5) | 1.0 (0.5) | 1.1 (0.5) | 1.1 (0.6) | 1.5 (0.0) 1.0 {0.5)
Sep-Oct 1.0 {0.1) ] 1.5 (0.8) | 0.8 (0.3} | 1.0 {(0.3) { 0.8 {0.1,) | 1.0 (0.1} | 0.9 (0.1) 0.9 (0.3) | 1.0 (0.5)
Nov-Dec | 0.6 (0.1) ]| 1.0 (0.4) | 0.9 (0.7} [ 1.0 {0.4) | 1.0 (0.5} | 0.9 (0.h) | 1.2 (0.9) | 0.8 (0.4} | ©.9 (0.3) | 1.0 (0.6)
01-04 0.8 (0.8} | 1.1 (n.8) | 0.9 (0.4) ] 1.2 (0.8) | 1.1 {(0.5) | 1.0 (0.5) | 1.4 {1.0) | 0.5 (1.0) | 0.9 (0.L) | 1.1 (0.7}
05-08 0.7 (0.4) | 0.9 {(0.7) { 1.0 (0.6) | 1.2 (0.6) | 1.0 (0.6) | 1.1 (0.58) | 1.0 (0.4) | 1.0 (0.2) | 0.8 (0.2) | 1.0 (0.6)
Time of  09-12 1.3 (0.9) | 1.4 (0.9) | 1.2 (0.8) [ 1.2 (0.5) | 1.2 (0.6) { 1.2 (0.4) | 1.1 (0.6) | 1.7 (0.4} | 1.7 (0.3) [ 1.2 (0.6)
day 13-18 0.9 (0.4) | 1.4 (0.7} | 1.0 (0.6) | 1.0 (0.b) | 1.0 (0.5) | 1.1 (0.4) | 1.0 (0.5) | 0.9 (0.3) | 0.6 (0.1) | 1.0 {0.5)
19-20 0.5 (0.0) | 1.2 (0.9) | 1.0 (0.7) | 0.9 {0.3) | 1.0 (0.5) | 0.9 (0.4) | 0.9 (0.3) | 0.8 (0.3) [ 0.9 (0.2) | 0.9 {0.5)
21-2 | 0.6 (0.1) | 0.6 (0.3) | 0.9 (0.4} | 1.0 (0.4) | 0.9 (0.4) | 0.9 (0.L) | 0.7 (0.2) | 0.7 (0.2) | 6.8 (0.3) | 0.9 {0.k)
411 times 0.9 (0.7) | 1.1 (0.8) | 1.0 (0.6) | 1.1 (0.5) | 1.0 (0.5) { 1.0 (0.5) | 1.0 (0.6) | 0.9 (0.3) {| 0.9 (0.3) | 1.0 {0.6)
Hours of data 61 90 258 106 h2T 290 179 Bl 51 1816
Estimate of plume (0.56) | (0.8 | (0.35) | (0.3 ©.3) | (0.36) oy | (o)

Note:

Standard deviationa are given in brackets,

The data is divided according to time of day, year and wind speed.
estimate of the minimum standard deviation due to differences between individnal hourly and ensemble averages of plume rise (D J Moove,
1978, Large point sources and observed concentrations, AIMWG paper 16),

The lowest vow gives an
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strength (©5/Gg) as a function of windsgeed for varioue stability
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