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6. THE PGPLUME MODEL FOR FAR-FIELD DISPERSION

6.1. Introduction

The influence upon plume dispersion of release conditions and of complex reaction dynamics
decreases with increasing downwind distance, and becomes negligible when compared with
ambient turbulence in the far-field. Inasmuch as the formulation of ambient turbulence within
the HGSY STEM plume models (AEROPLUME/HFPLUME for HGSY STEM version 3.0 and
PLUME/HFPLUME for HGSY STEM version 1.0) is rather uncertain, it is inappropriate to
extrapol ate these plume models far downwind of release.

For the regime of passive advection considerable (empirical) success has been obtained by
means of a Gaussian plume/'image’-plume model. Local concentrations are prescribed in terms
of horizontal and vertical standard deviations, each expressed as a function of distance
downwind of the source. Atmosphere stability is described by the familiar Pasquill/Gifford
classes'A’ through 'F;". The correlations apply properly to extended and level terrain (Pasquill
1961, Gifford 1975). More recent developments allow correction of the standard correlations
for surface roughness (Hanna 1982), for concentration averaging time (plume meander)
(Hanna, Briggs and Hosker 1982), for release duration (Blewitt, Y ohn, and Ermak 1987), and
for the influence of the nearby ground (Pasquill 1976).

We may choose either to modify the entrainment function within the HGSY STEM plume
models, or else to link these models to the well established Pasquill/Gifford Gaussian plume
model.

Modifications might incorporate the Pasquill/Gifford standard deviations into the entrainment
function (Bloom 1980; Petersen and Cermak 1980); or else represent surface layer structure
implied by observation and Monin-Obukhov similarity (Ooms 1972; Schatzmann 1978;
Disselhorst 1984) in such away as to reproduce observed far-field behaviour.

The choice of method is governed by computational efficiency and by the need to ensure
accurate reproduction of well-known far-field effectss. We link HFPLUME to a
Pasquill/Gifford model by asymptotic matching, in which a virtua source for a
Pasquill/Gifford model is located by requiring the continuity of mass, momentum, and energy
fluxes between near and far-field descriptions at a (given) matching plane. Subsequent
dispersion is then obtained by function evaluation, rather than by the numerical solution of a
set of ordinary differential equations. The matching procedures are broadly analogous to those
proposed in the context of heavy gas dispersion by Raj and Morris (1987).
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The HGSYSTEM model which can describe the far field passive dispersion is caled
PGPLUME. All HGSY STEM plume models (AEROPLUME and HFPLUME in version 3.0
of HGSY STEM) can make atransition (link) to PGPLUME if appropriate.

6.2. Far-field Dispersion: Pasquill/Gifford Models

The dispersion of a trace contaminant from a ground or an elevated point source over flat
homogeneous terrain is well described by an (essentially empirical) plume/'image’-plume
model of the general form (Stern, Boubel, Turner and Fox 1984; Hanna 1982; Briggs and
Hosker 1982):

Point-local concentration

c(Dx.y,2)/c. = Y(Y,Z;S,,S,,Zrc) (2
c. =dm/dt/[2pu, s, s] (2
where y(y,z;5,,S,.Zxc) = eXp(-y7(25,%)) [eXp(-(Z - Z0)(25,%)) + exp(-(Z + Zp0)1(25,))] (©)

and S, = (SS) (DX = Xpg - <X>,Zpit,2,,1,2)
230;Dx30
¥<y<¥
Zow Zpey S0 S, 20

Notation: Dx displacement downwind of a (virtual) point-source of pollutant mass-flux dm/dt,
at co-ordinates (X.,0,Z5;); C. 'centre-line’ mass-concentration at displacement Dx; (X +
Dx,y,z) co-ordinates of a general point within the Pasquill/Gifford plume a distance z above
ground, and a (horizontal) distance y off-axis; (s,,s,) standard deviations in horizontal and
vertical directions (m); u, mean wind-speed (m/s); z, plume centre-of-mass (centroid) height

(m).

Pollutant is advected at the (vertical-mean) wind-speed u,. Cross-wind dispersion is described
by vertical and horizontal standard deviations s, and s, respectively. Each standard deviation
depends on the atmosphere stability (class), distance downwind of the source (Gifford 1976),
the chosen concentration averaging time (Pasquill 1976), Hanna 1982), the surface roughness
(Hanna and Briggs 1984), and the mean plume (centroid) 'height’ (Pasquill 1976).

The standard Pasquill/Gifford standard deviations based upon a (reference) surface roughness
zP® = 3cm, ground-level source, and a (reference) averaging time t., = 10 minutes (Hanna,

Briggs and Hosker 1982) were given graphically for distances less than some 10-50 km
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downwind of release. These correlations were given numerical form by Turner and Busse
(1973), who proposed for SSG the dimensioned form (Stern, Boubel, Turner and Fox 1984),

Horizontal Standard Deviation

s;° = 465.116 (Dx/10%) tan(q p/180) (4)
q(Dx,PG) = 24.167 - 2.5334 In(Dx/10°%) PG ='A'
18.333 - 1.8096 In(Dx/10°) PG =B'
12.500 - 1.0857 In(Dx/10°%) PG="C (5)
8.3333 - 0.72382 In(Dx/10°) PG ="D
6.2500 - 0.54287 In(Dx/10°) PG="FE
4.1667 - 0.36191 In(Dx/10°) PG='F

with O £ Dx < 100 km and PG = {'A",'B','C'/D','E','F}

Notation: Dx downwind distance (m); PG Pasquill/Gifford stability class, SSG standard
(Pasquill/Gifford) horizontal standard deviation (m).

In addition the vertical standard deviation s:° is assigned for each stability class a piece-wise
power-law form (Turner and Busse 1973; Stern, Boubel, Turner and Fox 1984).

Vertical Standard Deviation

s =122.80Dx**" Dx <100m s = 90.673Dx*%*% Dx <200 m
158.08Dx*®* 100 m £Dx £ 150 m 98.483Dx"*%%2 200 m £ Dx £400 m
170.22Dx*®*# 150 m < Dx £200m 109.30Dx**"™° 400 m £ Dx £ 35 km
179.52Dx**? 200m < Dx £250m 5000m Dx > 35km
217.41Dx**** 250 m < Dx £ 300 m sy = 61.141Dx*"*% 0 m < Dx
258.89Dx***** 300 m < Dx £ 400 m s” = 34.459Dx%%* Dx <300m
346.75Dx"*® 400 m < Dx £500 m 32.093Dx°#% 300 m < Dx £1km
453.85Dx>"® 500 m< Dx £3.11km 32.093Dx**“% 1 km < Dx £3km
5000 Dx >3.11km 33.504Dx%%* 3 km < Dx £ 10 km

36.650Dx***%* 10 km < Dx £ 30
km
44.053Dx**"® Dx > 30 km

wherethes'sarein m.

6-4



HGSY STEM Technical Reference Manual

sy = 24.260Dx%%% Dx <100 m s; = 15.209Dx%®%% Dx > 200 m
23.331Dx%#%% 100 m £ Dx £300 m 14.457Dx°™®" 200 m £ Dx £ 700 m
21.628Dx*™* 300 m £ Dx £ 1 km 13.953Dx"%** 700 m £ Dx £1 km
21.628Dx%®%" 1 km £ Dx £ 2 km 13.953Dx*%#" 1 km £Dx £ 2 km
22.534Dx%*™* 2 km £ Dx £ 4 km 14.823Dx>>*% 2 km £Dx £ 3 km
24.703Dx>*®?" 4 km £ Dx £ 10 km 16.187Dx%**® 3 km £ Dx £ 7 km
26.970Dx**™ 10 km £ Dx £ 20 km 17.836Dx**™® 7 km £ Dx £ 15 km
35.420Dx*** 20 km £ Dx £ 40 km 22.651Dx*%%! 15 km £ Dx £ 30 km
47.618Dx**** Dx > 40 km 27.074Dx°?™%* 30 km £ Dx £ 60 km

34.219Dx°**™ Dx > 60 km

(6)
wherethes'sareinm
In (5) and (6) 0 £ Dx < 100 km and PG = {'A",'B','/C',D','E','F}

Notation: Dx downwind distance (m or km); PG Pasquill/Gifford stability class; s;° standard
(Pasquill/Gifford) horizontal standard deviation (m).

Plume standard deviations derive ultimately from the spectrum of turbulence within the
ambient atmosphere. Short averaging times correspond to diffusion associated with small
scale eddies. long averaging times are dominated by plume meander. The distribution of
vertical and horizontal turbulence differ, with the vertical turbulence materially influenced by
the proximity of the ground. Turbulent kinetic energy is further influenced surface roughness:
greater roughness implies greater turbulent energy, and greater eddy diffusivity.

Hanna (1982), following Smith (1973, 1977) and McDonald (1978), suggested for s, a surface
roughness effect (z/z7°)°2. Now surface roughness governs the friction velocity u” (say), and
the Monin-Obukhov length L, with the distribution of turbulence in horizontal (s/u’, and
s/u) and vertical (s,/u’) directions universal functions of the scaled height z/L (Arya 1982).
Plausibly the influence of surface roughness applies equally and proportionately to the
horizontal standard deviation s, of adispersing plume.

However, Roberts (Chapter 5.B), analysing extensive meteorological data (Draxler 1984),
discerned no significant effect of surface roughness upon s, . Certainly for longer averaging
times the dominant influence upon s, is plume meander, which is essentially uncorrelated with

6-5



HGSY STEM Technical Reference Manual

(local) surface roughness; we follow observation and take s, independent of the surface
roughness.

The influence upon horizontal standard deviation of plume meander and concentration
averaging time effect has the form of the power law (t/t,.)** (Hanna 1982). Vertical spectra
differ from horizontal as the result of the geometrical influence of the ground, so that for long
averaging times no further increasein s, with averaging timeis to expected. For such times the
vertical spectrum is fully active in determining turbulent diffusion. Equally for very short
averaging times turbulent diffusion is dominated by small-scale eddies, the distribution of
which is roughly homogeneous. This suggests that for short averaging times the functional
dependence of both s, and s, on averaging time t should be identical, whereas, near the
ground, or for long averaging times, s, should be independent of t. We propose, following
Hanna (1982) and Pasquill (1976), the dimensioned forms

Effects of surface roughness, plume centroid height, and concentration averaging-time

§ = 8° (t/te)*? (7)
5, = S} (2/279)2 {Min[t toe) e} 2 (8)
withz>0; z,, >30; t3t ,,>0

Notation: z,, plume-section centroid (centre-of-mass) height (m); t concentration averaging
time (9); t. ., = 18.75 s, effectively 'instantaneous averaging time (TNO 1990); z, > 0, ground
surface roughness; t,. reference averaging time (taken to be 600 s in PGPLUME); z™
reference surface roughness height (taken to be 0.03 m (3 cm) in PGPLUME).

6.3. Local versus Integral Average Properties: Near/Far field Matching

The near-field models AEROPLUME and HFPLUME are idealised particularly in respect of
the shape of the cross-wind profiles of concentration and temperature. Predictions are made
not of point-local but of average behaviour within each plume cross-section, and take
properly into account the severa effects of source momentum, orientation, and dense gas
dispersion in determining air entrainment and the development of the plume trajectory.
Far-field dispersion is similarly idealised. Predictions are made of local (particularly ground-
level) concentrations; no account is taken of near source effects influencing plume trajectory.
The far-field dispersion of plumes is independent of release conditions except inasmuch as
they determine the downwind displacement, height above ground, and strength of an
equivalent point source.
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Consider an asymptotically neutral or marginally buoyant release downwind of release. In the
near-field predictions are available of entrained air mass-flux, released pollutant mass-flux,
and the excess (above ambient) fluxes of momentum and total energy. Sufficiently far from
the source the conditions for passive dispersion of an inert pollutant are well met: chemical
reaction (if pollutant is HF) has all but ceased ; the influences of release buoyancy and initial
momentum largely spent.

At such distances the sectional-average predictions supplied by HFPLUME or AEROPLUME
correspond closely to those of a matched Pasquill/Gifford (Gaussian) plume. Equating fluxes
deduced from Gaussian far-field and 'top-hat' near-field models will then furnish a set of non-
linear integral equations for the virtual source location, and will define the Pasquill/Gifford
plume at the transitional or ‘'matching' plane and at greater distances downwind of release.

Matching Equations

¥ ¥
<dm/dt>,= [ [cu dydz (9)
0-¥
¥ ¥
<dm/dt >a.r:.”((r - c)u- ryuy, ) dydz (10)
0-¥
¥ ¥
<dP,/dt>= [ [ru(u- u,) dydz (12)
0-¥
¥ ¥
<dE/dt>= [ [ru(h+%u?- h, - %u2) dydz (12)
0-¥

Notation: <dm/dt>, mass-flux of pollutant; <dm/dt>,, mass-flux of entrained air, <dP, /dt>
mass-flux excess (horizontal) momentum; <dE/dt> mass-flux excess above ambient total-
energy; (c,r,h,u) point-local mass-concentration pollutant, total density, specific enthalpy, and
(horizontal) velocity; (rhy,u,) ambient air density, ambient air specific enthalpy, and wind
Speed.

The notation '<...>' refers to a sectional-average value such as is predicted by the
HGSY STEM near-field models AEROPLUME and HFPLUME.

The equation express the invariance between plume descriptions of <dm/dt>,, the pollutant

mass-flux, <dm/dt>,,, the entrained air mass-flux, <dP,/dt>, the excess horizontal momentum,
and <dE/dt>, the excess above ambient of total energy.
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The pressure P, within the plume is essentially that (hydrostatic) value within the undisturbed
atmosphere.

Pasquill/Gifford Profiles
The assumption of a Gaussian plume/'image-plume description of the far-field dispersion
yields for the mass-concentration, and for the excess velocity the explicit profiles:

cle. = y(y,2:8,,8,,Zx)
(u-u)/(u. - uy) = y(y,z;es,€s,,Zy;) (13)
Y(Y,Z3S,:8,Z5c) = EXP(-Y(25,7)) [€XP(Z - 2:6)°/(25,7)) + exp(-(2 + 20)(25,))]

with s, = (5,8)(DX = Xpg - <X>Y = 0,265t =ty Zery = <2>,2)
and0£z,x30,-¥<y<¥and<z>s,s, 0.

Notation: € turbulent Schmidt number; u. - u, 'centre-line' excess of horizontal velocity; <z>
near-field centroid height; t . 'instantaneous (concentration) averaging-time; z, ground
surface roughness.

The averaging time appropriate to the standard deviations s, and s, must be chosen for
comparability with the near-field description underlying the entrainment assumptions of
HFPLUME and AEROPLUME.

Such an averaging time is certainly short, and may be regarded as effectively ‘instantaneous.
Reference to TNO(1990) yields for and ‘instantaneous average the effective averaging time
twen = 18.75S.

Note that in addition to the expected profile for the mass concentration c(x,y,z), a second
related profile has been introduced for the excess-velocity (u(x,y,z) - u/X.y,z)). This reflects
the broad comparability of density and velocity differences in the near-field, and the desire to
assign both influences equal weight in the criteria of matching.

The velocity profile is identical in form to the Gaussian image system proposed for
concentration; the standard deviations are scaled by the far-field turbulent Schmidt number
(€# = 1.35) to reflect the different rates of mass and momentum diffusion (Rouse, Yih and
Humphreys 1952; Ooms 1972).

Local Thermal Equilibrium

The assumption of thermal equilibrium the point-local thermodynamic relation
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(h+ Ya? - h, - Yau,2) = (c/r ) (<dE/dt>/<dm/dt>,) (14)

to be devel oped.

This equation may be motivated as follows. First consider the integral-averaged plume
description, and in particular the total energy-flux <dE/dt> passing a given cross-section. The
mean-flow may be assumed to result from the uniform mixing of a pure pollutant stream of
mass-flux <dm/dt>, with an ambient air stream of mass-flux <dm/dt>,.

The pure pollutant stream has therefore the specific enthalpy <dE/dt>/<dm/dt>, above
ambient values.

Next abstract a unit mass of pollutant/moist-air mixture from within a plume cross-section.
The sample possesses a definite mass-fraction ¢/r of pollutant: it results from the intimate
mixing of two parcels of material; the one (pure pollutant) of mass c¢/r, the specific energy
content of which (relative to the ambient air) is (<c>/<p>)(<dE/dt>/<dm/dt>,); the other air of
mass 1 - ¢/r and zero specific energy (because we define the energy relative to the ambient
arr).

The mixture specific total energy is correspondingly h - h, + Y - Yau,2.

The point local relationship follows from energy conservation. The non-linear equation

¥ ¥
<dE/dt>= [ [ru(h+%u?- h, - %u2) dydz (15)
0-¥

isthen satisfied identically.

The equation system for near/far-field matching then provides a set of three non linear
equations in the 'centre-line' concentration c., the centre-line velocity-excess u. - u,, and in the
virtual origin location (Xpg,Zqs 2 0).

An additional equation is therefore needed to close the equation system.

Model Closure: Centroid, Buoyant Potential Energy, and Angular Momentum

Recall the importance of the plume centroid of ‘centre of mass' in model formulation: this
suggests that the plume centroid height be invariable between the near and far-field
descriptions. The matching equation then becomes

(16)
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This equation is straightforward; it accurately reflects the systematic rise in the
Pasquill/Gifford centroid height with increasing downwind distance, a variation not followed
by the virtual source.

It differs significantly in functional form from the other matching conditions, which represent
the invariance between near and far-field descriptions of the material fluxes whether of
pollutant, entrained air, excess (horizontal) momentum, or excess total-energy.

It is suggested that the final (closure) equation should express the invariance of some
physically based flux. Such considerations lead, rather naturaly, to the invariance of the
buoyancy potential-energy flux

¥ ¥
<dB/dt >:H'r ugz(1- r, /r)dydz (a7
0-¥%

Equally some account should be taken of residua differences between plume and ambient
velocities at the plane of matching; this in addition to the (hydrostatic) 'centre of gravity'
effects governed by density differences aone. We suggest that the excess above ambient
values of plume angular momentum be conserved.

Taking moments from the point of the matching plane of maximum ground-level
concentration yields the equation

¥ ¥
<dL,/dt >:.[ .[r uz(u- u, ) dydz (18)
0-¥

Matching is not influenced by the choice of origin for L,. This equation has the form of a
physically derived flux, and is, in the limit of negligible velocity difference, equivalent to
centroid invariance. Account is now taken of velocity differences on an equal footing with
density differences analogously to the remaining conservation eguations.

It is, however, impossible to satisfy buoyant-energy and angular-momentum flux conservation
simultaneously.

This illustrates a general problem of matching, that only a limited number of physical
invariants can be transferred between matched models, the limit being set by the
Pasquill/Gifford far-field.

Introducing a velocity profile allows a rather better transfer of momentum related information
than would otherwise have been possible; however it does not seem possible to introduce
sufficient degrees of freedom to encompass <dL /dt> and <dB/dt> invariance.

In the circumstances we must choose which invariant will be conserved. Inasmuch as the
buoyancy flux occurs explicitly as a major determinant of near-field behaviour, whereas the
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angular momentum is only implicitly calculated, we prefer <dB/dt> invariance for the
calculation of the far-field.

Existence of Matched (Far-field) Solutions

It is a general feature of non-linear equations that physically appropriate solutions may not
exist for certain ranges of the input parameters. Certainly, circumstances may arise under
which the matching of a near-field description and a far-field Pasquill/Gifford model may be
inappropriate: source momentum may be significant; heavy gas effects may predominate.
Even under near passive conditions sufficient ‘memory' of earlier (heavy gas, say) dispersion
may be retained to prevent physically sensible matching: the solution space, in terms of the
matching variables <dm/dt>,, <dm/dt>,,, <dP,/dt>, <dB/dt> needs to be examined.

This discussion is deferred until an appropriate asymptotic analysis of the non-linear system
has been carried out.

6.4. System Asymptotics: the Limit of Great Dilution

Inasmuch as the Pasquill/Gifford formulation applies to passive dispersion, significant
departures between plume and ambient atmosphere at the plane of transition are inappropriate.
It is not necessary to solve the matching equations in full generality; it suffices to examine the
solution space in the limit of great plume dilution.

First order expansion about the ambient state (r,,T,;P,) yields estimates of the enthalpy and
temperature excess above ambient, together with estimates of the centre-line concentration
and velocity-excess. Vertical variation within the plume is neglected, with the wind-speed and
ambient density assigned (mean) values <u,> and <r > evaluated at the (near-field) centroid
height <z>.

First Order Approximation

(h-h)i(c,” T,) = (T/T,- 1) (19)
1-TT,=(r/ry- 1) + (mJm, - 1) oIr, (20)
c/r, = (b(2p)) (<c>/r,) with b = <A>/(sS) (21)
W/u, - 1= (be/(2p)) (<u>/u, - 1) with b = <A>/(s;S) (22)
<z> = 502{ (UOp) exp(-h?) + herf(h)}; with h = z./(s,02) (23)

with Va<r >/r - 1< 1, Yo<c>lr o< 1, Vculu, - V<< 1, Yau/l(2¢) T )Y2<<1
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h

Notation: erf(h) = (2/\/6 ) J' exp(- x2) dx the standard error function (Abramowitz and Stegun

1972); cp¥ ambient (moist) air (isobaric) specific heat; m, ambient air molecular mass;, m

0

pol

molecular mass pollutant; (<z>,<A>) near-field plume centroid height and cross-sectional
area; (<c>,<r>) near-field (internal-average) pollutant mass-concentration and total-density;
<u> near-field (mean) flow-velocity; (u,ry,T,) mean wind-speed, atmosphere density and
(absolute) temperature; (r,c,h,T) point-local density, concentration, specific enthalpy and
absolute temperature; h, atmosphere specific enthal py.

Note that the virtual origin is not located by first order matching; the quantity <A>/(ss)

being undetermined. Second order asymptotic analysis yields the required equation:

Second Order Closure

where

<A>/(s,8) = 4p[D?h + 2h,d(d, +d)]/[1(L,)D?% + 2h, d,(I(L,)d, + I(ee)d,)]

D?h=h, d2+2h dd

rc-r -c

+h,d?+2hd?+2hdd

I(e,m) = 2e’nt/(€* + nf) {1 + exp[-2e’nF/(€* + nF) (Z.o/S,)*]}
h = r¥/(Cp¥ T,) I(h- h)/Mr %, _,

h.=rJ(c," T) fih- by, .,

h,=r ¥2/(Cp¥ T,) F(h-h)Tr?s _.

h,.=r// (Cp¥ T,) F(h- h)Tcs, _,

h.= r¥2/(cp¥ T,) T(h - h)/1r c

d,=<r>/r,-1,d.=<c>lr,, d,=<u>/u,-1

=

together with the consistency constraints

Veu>/u, - 1v2/24p - be?l(1,e)2 << 4p, b= <A>/(s;s)

Y (<u>/u, - 1) [4p - be’l(L,©)]} + {(<r>/r,- 1) [4p - bl(e )]} Y2<< 4p

6-12
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The virtual origin is then located relative to the matching plane x= <x> at such height z.
above ground, and such horizontal displacement Dx = X, - <x> that the (leading order) area
and centroid matching satisfies the equation set:
Virtual Origin Location

<z> = 502{(1/Op) exp(-h?) + herf(h)} with h = z,./(((2>s)) (25)

<A>/(s,8) = 4p[D?h + 2h d(d, +d)]/[1(L,)D? + 2, d,(I(L,8)d, + I(ee)d,)]

d.d

with  D*h=h d?+2h dd,+hd?+2hd2+2nhdd,

|(em=2e"nt/(€? + nf){ 1 + exp[-2e’nT/(€” + nf)(z.o/s,)]}

88, = (8,8)(DX = Xpg - <X>,Zpgt = Ly Zem = <22.2)
Notation: <x> downwind distance from release of the plane of matching; <z> near-field plume
centroid at matching; t_.. instantaneous matching time; € turbulent Schmidt number; <u>
near-field (mean horizontal) velocity.
This non-linear system, though complex, has a unique solution for assumed monotone
increasing standard deviations 5, and s, and for x.; £ <x>, provided only that <z>/s, 3 O(2/p);
otherwise no solution exists.
In the absence of a solution we presume a ground-level (virtual) source, and solve for the

unique root of the second order equation in <A>/(s,s,), Zx; = 0.

The solution is regular in the limit of passive dispersion, and where matching is dominated by
densimetric or velocity differences; second order matching then yield the results

<A>/(s,,s) ® 4p/I(1,1) when <u>® u,
<A>/(s,s) ® 4p/l(L,e) when<r>®rr,
<A>/(s,s) = 4p/l(1,1)

<r>=r v

<u> = U¥
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<c10

Certain consistency conditions need be imposed on the quantities <r > and <u> at matching.
The empirical form of s, is severely ‘pathological’ for 0 < (<x> - Xp) << 10 km, that is, outside
the correlated range 10 m < (<x> - X,) < 10 km, say.

Aphysical solutions so arising are very unlikely to intrude upon asymptotic matching.

6.5. Prediction of (Steady) Far-field Dispersion

Having located the virtua origin, it remains only to evaluate for each downwind displacement
X 3 <x> the Pasquill/Gifford standard deviations s, and s, associated with the required
concentration averaging-time t3t_ .

Note that the vertical standard deviation s, depends implicitly upon the local centroid (centre-
of-mass) height z_,, viathe equation

z.., = 5,02{ (1/Op) exp(-h?) + herf(h)}; with h = z../(5,02) (26)

The solution for the pair (s,,z,,) IS unique.

Note that for displacements for which z_,, > 100 m the dependence of s, upon z_, is ended, and
explicit calculation recovers first s,and then (if required) z_,.

Armed with the ‘width' parameters s, and s,, the local concentration at downwind distance x >
<x>, height z 30, and (horizontal) off-axis distancey isto leading order

c(X,y,2)/c. = Y(Y,Z;S,,8,:Zpc) With c. = dm/dt/[2 p u, S, S| (27)
where  Y(¥,Z;S,,S, Zx) = eXp(-y*/(25,)) [€XP(-(Z - Z:6)1(25,7)) + exp(-(2 + 2)/(25,))]
and 0£Z X < (X>) EX; -¥<y <¥ 7, 8,530
Thelocal velocity excessis calculated similarly.

6.6. Transient Effects: Releases of Limited Duration

Thus far we have presumed that steady state conditions either exist or will develop throughout
the asymptotic far-field. In practice, however, spill duration may be a few minutes, whereas
the establishment of steady conditions at kilometre distances requires tens of minutes or even
hours. Such different time scales are especialy significant for high consequence, low
probability events, for example catastrophic storage vessel failure: steady-state predictions are
in such cases not merely conservative, but impossibly large. There is, therefore, a practical
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need for 'best estimate' values reflecting (more or less accurately) the influence of release
duration upon peak concentrations in the far-field.

Downwind Diffusion

Limited duration 'puff’, releases disperse both perpendicular and parallel to the ambient wind:
dispersion occurs in response not only to eddy diffusion, but aso (Hanna 1982) to the
cumulative effect of wind-shear. We follow Ermak (1986, 1989), and Blewitt, Yohn, and
Ermak (1987), in representing downwind dispersion (in the context of a Gaussian plume
model) in terms of the plume standard deviation s,. The (time/meander-averaged) standard
deviation attributable to downwind diffusion is taken to be (essentially) equal to the standard
deviation s, horizontal and perpendicular to the ambient wind. The effect of wind-shear is
represented after Smith (1965), except that attention has been given to elevated as well as
ground-level sources. The proposed formulation is as follows:

s’ =57+ [2@3p)] s’ {(du/dz)'z,  (DX/u)%, } (28)

Note that the gradient du/dz is evaluated at the plume centroid height z_, rather than at
Smith's (1965) reference height of s,/2. This choice is representative of the (mean) wind-shear
not only for grounded but also for elevated plumes. The coefficient [2/(3p)] multiplying the
wind-shear term ensures predictions identical to Smith (1965) for grounded plumes and
neutral stability.

Prediction of Peak Concentrations

Gaussian plume modelling is based upon the (steady-state) solution of the diffusion equation
for a fixed point-source, uniform wind, and constant (eddy-)diffusivities. This formulation
suggests the Gaussian form upon which the highly successful Pasquill/Gifford model is
constructed.

Perhaps encouraged by this success, Ermak (1986) formulated a transient release model based
upon the general solution of the above diffusion equation in the (Green's function) form:

c(x,y,zt) = j'(dm/dt)(t)G(x,y,z;t- t) dt (29)

with  G(x,y,zt) = G,(x;t) G,(y) G,(2)
G (x;) = [O(2p)/s] expl-(X - Xpq - UDF(257)]

G,(y) = V[O(2p)s] exp[-y(2s)]

6-15



HGSY STEM Technical Reference Manual

G,(2) = V[O(2p)s,] { expl-(z - Zpe)(25,)] + expl-(z + 2:6)/(28,)]}
and s (1) = O(2K,1); s(t) = O(2K,1); s(t) = O(2K 1)

Notation: dm/dt (momentary) mass release-rate (kg/s); (Xe,0,Y¥sc) location of the fixed (point)
source; (K,,K,,K,) eddy diffusivities parallel and perpendicular to the ambient wind; (x,y,z,t)
co-ordinates and time following first release at which the (mass-) concentration c is to be
evaluated.

Formally the plume standard deviations (s, S, s,) are functions of the elapsed time from the
moment of release. We nevertheless follow Ermak (1986) in interpreting s,, s, and s, as
known (above specified) functions of the distance (x) downwind of afixed source.

The (reinterpreted) solution c(x,y,z,t) forms a ‘template’ for a transient (Pasquill/Gifford)
model or far-field diffusion. The solution c(x,y,z,t) is further simplified by presuming a steady
source of limited duration. The source function dm/dt(t) assumes the form

0 -¥<t<0
dm/dt(t) =+ (dm/dt)|, o<t<t, (30)
0 t, <t<¥

with corresponding far-field concentration
c(x.y.z/[G, G, (dm/dt)l,]= Yerf{ (S O2)} 1 =0 mincor 1) (31)

Notation: DX = X - X, distance downwind of the (virtual) point source; dm/dt], (sustained)

h
mass release-rate; erf(h) = (2/\/6) J' exp(- x2) dx standard error function (Abramowitz and
0

Stegun 1972).
For each downwind distance (x) the time (t) at which occurs the maximum concentration

corresponds to the (unique) root of the (turning point) equation fic/fit = 0.
The maximum concentration at distance x downwind of release is therefore (Ermak 1986)

Crn0Y:2)/[G, G, (dmVclt)|,] = Yoerf{ (L/O2) [min(DxYau,) + hl/s} 1t (32)

with the steady-state value recovered in the limit of infinite release duration.
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Release maximum and steady-state concentrations are then related by the (dimensionless)
factor

¢, /c3= = erf{ O2{ min(Dx,Yaut,) + hl/s} [P {1 + erf[Dx/(sO2)]} (33)

which provides an approximate correction for the combined effects of downwind diffusion
and of release duration. The correction acts upon steady-state values estimated from
asymptotic matching and by the straight forward use of standard Pasquill/Gifford formulae.

6.7. Conclusions

In the far-field the calculation of plume dispersion by means of an entrainment based
(integral-averaged) description is both highly uncertain and seriously inefficient. Such models
as exist currently (Bloom 1980) derive entrainment from an analysis of observed dispersion
behaviour summarised in the Pasquill/Gifford curves, any satisfactory formulation of
entrainment must, in the far-field, recover the observed results.

Such far-field performance is best achieved by means of (asymptotic) 'matching’; that is by
preserving at some matching plane a set of physically derived fluxes generated in the near-
field by an integral-averaged model. This results in the identification of a virtua (point)
source, such that a Pasquill/Gifford plume at the matching planeis, as regards several physical
fluxes, identical to that predicted near the actual source. Beyond the matching plane,
dispersion behaviour is taken to be that derived for a Pasquill/Gifford model. Approximate
correction may be made for limited duration releases and for downwind diffusion using an
(error function) correction suggested by Ermak (1986). The formulation, though tentative,
should provide an estimate of the ‘conservatism' inherent in assigning steady-state predictions
to high consequence, short duration releases.

Matching is achieved in the limit of large dilution, for which buoyancy effects, mis-alignment
of plume and wind, and the influence of release momentum are negligible.

Matching takes proper account of differences in vertical and horizontal diffusion, and of the
influence upon these of concentration averaging times, and the proximity of the ground. Once
the virtual source is located concentrations, may be predicted for any required averaging time,
and for any point downwind of the plane of matching.

In HGSY STEM, the far-field passive dispersion is simulated using the PGPLUME model.
PGPLUME is, in effect, a 'post-processor' to AEROPLUME and HFPLUME to be used
beyond the limits of AEROPLUME/HFPLUME when the near-field dispersion remains
‘airborne’, or at least does not credibly merge into a heavy-gas advected plume in the manner

6-17



HGSY STEM Technical Reference Manual

of HEGADAS (see Chapter 7.A section 7.A.4.2. for linking between the HGSY STEM plume
models and HEGADAYS).

6.8. References

Abramowitz M and Stegun | A: Handbook of Mathematical Functions with Formulas, Graphs,
and Mathematical Tables, Dover Publications Inc., 9th Printing, December 1972. Chapter 7,
p297.

Arya S P. Atmospheric Boundary Layers over Homogeneous Terrain: in Plate E J (ed):
Engineering meteorology Fundamentals of Meteorology and Their Application to Problemsin
Environment and Civil Engineering, Elsevier Scientific Publishing Company, New Y ork,
1982. Chapter 6, pp 233-245, especially p245.

Blewitt D N, Yohn JF, and Ermak D L: An Evaluation of SLAB and DEGADIS Heavy Gas
Dispersion Models Using the HF Spill Test Data; AIChE International Conference on Vapour
Cloud Modelling; Cambridge, Massachusetts, November 2nd-4th 1987; Center of Chemical
Process Safety; AIChE 1987.

Bloom S G: A Mathematical Model for reactive, negatively buoyant atmospheric plumes,
Heavy Gas and Risk assessment, Symposium, Batelle-Institut, Frankfurt am Main, West
Germany, Proceedings (editor Hartig S), 1980.

Disselhorst JH M: The Incorporation of Atmospheric Turbulence in the KSLA Plume Path
Program; Shell Internationale Research Maatschappij B V, The Hague, AMGR.84.059,
September 1984, Private Communication.

Draxler R R: Diffusion and Transport Experiments; Chapter 9 of Atmospheric Science and
Power Production, Randerson D (ed.), Technica Information Center, Office of Scientific and
Technical Information, US Department of Energy, DOE/TIC-27601(DE84005177), 1984.

Ermak D L: Gaussian Plume Analysis, letter to Blewitt D N dated 21st May 1986; Private
Communication.

Ermak D L: User's Manual for SLAB: An Atmospheric Dispersion Model for Denser-than-Air

Releases; Atmospheric and Geophysical Sciences Division, Physical Department, Lawrence
Livermore National Laboratory, Livermore, California 94550, Draft, dated February 1989.

6-18



HGSY STEM Technical Reference Manual

Gifford F A: Atmospheric Dispersion Models for Environmental Pollution Problems; in
Haugen D A (co-ordinator) Lectures on Air Pollution and Environmental Impact Analyses,
American Meteorological Society, Boston, Massachusetts 02108; 1976. Chapter 2, pp 35-58.

Hanna S R, Turbulent Diffusion: Chimneys and Cooling Towers, in Plate E J (ed.):
Engineering meteorology Fundamentals of Meteorology and Their Application to Problem in
Environment and Civil Engineering, Elsevier Scientific Publishing Company, New Y ork,
1982, Chapter 10, pp 429-448.

Hanna S R, The Importance of Wind shear in the Diffusion of Puffs Released in the Surface
Layer; Noteto D N Blewitt (undated); Private Communication.

Hanna S R, Briggs G A, and Hosker R P: Handbook on Atmospheric Diffusion, Chapter 4:
Gaussian Plume Mode for Continuous Sources, Technical Information Center, US
Department of Energy, DOE/TIC-11223 (DE82002045), pp 25-35, 1982.

Ooms G: A New Method for the Calculation of the Plume Path of Gases emitted by a Stack;
Atmospheric Environment 6 (1972), 899-909.

Pasquill F: The estimation of windborne material; Meterological Magazine 90 (1961), 33-49.

Pasquill F: Atmospheric Dispersion Parameters in Gaussian Plume Modelling Part 2. Possible
Requirements for Change in the Turner Workbook Values, US Environmental Protection
Agency, Office of Research and Development, Environmental Sciences Research Laboratory,
Research Triangle Park, North Carolina 27711. EPA-600/4-76/030b, June 1976.

Petersen R L and Cermak J E: Plume Rise for varying ambient Turbulence, thermal
Stratification, and stack Exit-conditions - A Numerical and Laboratory Evaluation; in Cermak
J E (editor): Wind Engineering; Pergamon Press, Oxford 1980, pp 1019-1033.

Ra P K and Morris J A: Source Characterization and Heavy Gas Dispersion Models for
Reactive Chemicals; Final Report, Volume 1, 85.2, pp 5-5 - 5-16. Air Force Geophysics
Laboratory, Air Force Systems Command, United States Air Force, Hanscom Air Force Base,
M assachusetts 01731-5000; Report No. AFGL-TR-88-003(1), December 1987.

Rouse H, Yih C S, and Humphreys H W: Gravitational convection from a Boundary Source;
Tellus 4 (1952), 201-210.

6-19



HGSY STEM Technical Reference Manual

Schatzmann M: An Integral Model of Plume Rise; Atmospheric Environment 13 (1979), 721-
731

Smith F N: The Role of Wind shear in Horizontal Diffusion of Ambient Particles; Quarterly
Journal of the Royal Meteorological Society 91 (1965), 318-329.

Stern A C, Boubel R W, Turner D B, and Fox D L: Fundamentals of Air Pollution; Second
Edition, Academic Press, London, 1984. Chapter 17. pp 277-287.

TNO, Methoden voor het berekenen van de geovolgen van het vrijkomen van gevaarlijke
stoffen; (Methods for calculating consequences of the release of dangerous substances),
Netherlands Organization for Applied Scientific research (TNO), PO Box 342, 7300 AH,
Apeldoorn. Second edition, to be published, The Hague 1990.

Turner D B and Busse A D: User's Guide to the Interactive Version of Three Point Source

Dispersion Programs. PTMAS, PTDIS, and PTMTP; Meteorology Laboratory, United States
Environmental Protection Agency, Research Triangle Park, North Carolina, 1973.

6-20



