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Summary

Formulae were derived and calculations made for the amount of gas in the explosive
region of a vapour cloud or plume. It appears that, for an instantaneous source, a large
fraction of the total amount released (e.g. 50% for methane) can be in the explosive region,
irrespective of source strength and meteorological conditions. On the other hand, for a
continuous source, the amount in the explosive region is strongly dependent on source
strength and meteorological conditions.

To assist in the hazard analysis, a computer program was written to calculate the con-
centration as a function of time for a quasi-instantaneous spill of LNG on water.

1. Introduction

From the point of view of the explosion hazard of a vapour cloud, there are
two quantities of special interest. The first is the total amount of gas between
the flammability limits at a given moment. From this quantity can be cal-
culated the total energy that could be released after ignition of the cloud, and
this, in turn, could be used in a procedure to estimate the blast and possible
damage caused by the explosion. The second quantity of interest is the
maximum distance from the source where delayed ignition is possible. Because
variations in the concentration are usually large, ignition of the cloud or part
of it is still' possible at a distance where the average concentration is lower
than the lower flammability limit (LFL). Therefore, the distance is usually cal-
culated for a certain fraction of the LFL (e.g. between 0.5 and 0.1) depending
on the circumstances. In establishing a safe distance, different criteria may ap-
ply for instantaneous and continuous sources. For a‘continuous source, the
flame could travel back to the source, whereas, for an instantaneous source
with an expected maximum average concentration equal to LFL, probably
only ‘“pockets” in the cloud are still flammable. It has been shown in [1], that
for the tests described in [2], at a distance where the average concentration
was %LFL, ignition of parts of the cloud would have been possible during ap-
proximately 10% of the passage time of the cloud. Similar data are given in [3].
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2. Amount of gas in the explosive region

To calculate the amount of gas in the explosive region of an instantaneous
cloud or continuous plume a three-dimensional integration must be carried
out. The starting point should preferably be a simple formula for the con-
centration as a function of the three space coordinates and, for an instan-
taneous cloud, also of time. The Gaussian plume model seems most appropri-
ate for the present problem, as it is relatively simple, especially for a point
source, and still a sufficiently accurate representation. It also facilitates the
derivation of analytical approximations, which give a general insight concern-
ing the amount of gas in the explosive region under different conditions.

2.1 Instantaneous source
For a point source the Gaussian plume model leads to the following formula
(see [4]):

- m (x - Uty y?
Clry2i) (2 7’)3/2 Ox10y1021 exp (— 2031 ) oxp (— 203'1 )
(z - H)? (z + H)? ]
X [ exp (_ 2021 ) +exp (— 20%1 ) )

For ox1, 0y1 and o,], generally accepted data from the literature are used (see
Appendix). For a source with initial dimensions Ly, Ly and L, (defined in
such a way that the total dimensions are 2L,, 2Ly and 2L;), the equation ob-
tained by integrating eqn. (1) is (see [5]):

Ly -x+ L, +x~
C(x,y,2,t) = —n [erf (-ﬁ—i—xg) +erf ( _x._x__x_o) ]
64 LxLyLz Ox\/z Ox\/z

ot (273 ) e (F252)]

-2+ L,+z-
X[erf(Lz_f_}I)+erf( 272 H)

PN o2
vert (Lo—‘f/z‘—”) verf (90“—52"’3) ] @)

(It should be noted that for a souree with L, > 0, but touching the ground,
H = L, must be used). See list of symbols for the meaning of all the variables.

2.1.1 Analytical solution for a point source
For a point source it is possible to obtain, by integration of eq. (1) between
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the flammability limits, the following equation:

e[y ()]l 7))
g n ) e ()

where:

mg = amount of gas in the explosive region (not including air),

m = total amount of gas released,

P = concentration in the centre of the cloud at the time for which mg is
calculated,

P, = upper flammability limit (UFL),

P, = lower flammability limit (LFL),

erf (x) = error function (see [6]).

If P < P,, then the equation reduces to:

mg [ P ] 2P, P

— =erf ln(—) - — ln(-) 4)
m P, P\/n P,

Equations (3) and (4) are valid only for a cloud at ground level or for a cloud
completely free from the ground. Although eqns. (3) and (4) are derived for a
point source, their use can be extended by applying the concept of a virtual
source. However, this is subject to the condition that one distance can be used
for all three dimensions.

For this idealised case, it is found that the maximum amount of gas that can
be in the explosive region at one time (expressed as a fraction of the amount
released) is determined only by the ratio of UFL to LFL. Differentiating
egn. (3) with respect to P shows that the maximum mg /m is reached for:

P} In (P,) - P} In (P,)
P} - P}

This can be substituted in eqn. (3). For convenience, however, it is of
advantage to put first:

P,
v =
P,
_In(@
T
v? In ()
v -1 (6c)

In (P) = (5)

(62)

(6b)

Uy
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which finally leads to:
(-'"—E) = erf (v/v;) - erf (v/vy)
m / max
2 2
-y P (~v, )V, + Ta P (v )V, (N

2.1.2 Partial analytical solution for a cloud with initial dimensions

In order to study the influence of the initial size of the cloud, analytical
integration was also attempted for a spherical cloud with initial radius R,. The
results can also be used for an ellipsoidal cloud, because such a shape can be
transformed into a sphere by a simple co-ordinate transformation. The condi-
tion remains, therefore, that the cloud should be completely free from the
ground or at ground level so that the cloud can be treated as one half of an el-
lipsoid. The initial ellipsoid should have the same ratio of the main axes as o,
oy and 0. For the concentration, the following equation can be derived
(analogous to eqn. (2), see [5]):

Cw‘“g;%;g [exp (- BetB) _ogp (- B =R}
YT o [t (Bggt) ver (257) ] (8)
3 0

A solution analogous to eqn. (3), thus giving the amount in the explosive
region directly, as a function of UFL and LFL, has not been found. However,
it is possible to integrate eqn. (8) between two values of R,. The values of R,
corresponding with UFL and LFL must be determined separately. This proce-
dure still saves a considerable amount of computer time compared with a com-
pletely numerical solution. For the sake of convenience we first define two
functions

a1+ ()] Lo (52
Fy(Ri,R)) = R}\;Z" [R,? +R} - RiR; - 02] exp ( - (_R"z;ﬁz_) (9b)

For the mass of the gas between radius R, and R, (R; < R,), it is then found
that:

R, R
m(R, 2)= F,(R,,Ry) + F,(R,,~R,) —.F,(R,,Ry) - F,(R,,—R,)

+ F;(Ry,Ro) + F3(R;,—Ro) ~ F2(Ry,Ro) - F,(R,,—R,) (10)
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2.1.3 Numerical solution ‘

In the course of the investigation a numerical integration of eqn. (2) was
also worked out. The program was first written to give the amount in the
explosive region, as a function of the distance travelled for a cloud initially
box-shaped. Later it was used to produce more general tables for quick refer-
ence (eqn. (10) was derived later). The program was also used for mutual
checks against the results described in Sections 2.1.1 and 2.1.2.

2.1.4 Results

Generally, the behaviour of the amount of gas in the explosive region of an
instantaneous cloud can be described as follows. If the gas is released without
considerable initial mixing, then the concentration in many cases will be
higher than UFL and the amount in the explosive region will be relatively
small. As the cloud travels downwind, turbulent mixing dilutes the cloud, the
concentration decreases and the amount in the explosive region increases.
When the cloud has travelled such a distance that the concentration in the
centre is slightly higher than UFL, the amount of gas in the explosive region
will reach a maximum. As the concentration decreases further, the amount in
the explosive region also begins to decrease. When finally the maximum con-
centration in the cloud drops below LFL, then the amount in the explosive
region becomes zero.

This is illustrated in Fig. 1 for the case of methane using the numerical
solution.

Using an approximation according to [6] or [8] for the error function,
eqn. (7) was calculated for increasing ratios of UFL and LFL to give the graph
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Fig. 1. mg/m in percent as a function of the distance travelled by the cloud.
I 10° kg, L, = 10m,L,=10m,L,=1mand H=1m;

I 10° kg, L, =50m,L, =50m,L, =10 mand H =10 m;

oI 107 kg, L, = 250 m,

L

y=250m,Lz=20mandH=20m.

No correction is made for a density difference, diffusion parameters adapted to [7].
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ion of gas in the explosive region of an instantaneous cloud as a func-

shown in Fig. 2.The maxima of approx. 50% in Fig. 1 differ only slightly from
the theoretical maximum for methane of 48.4% (Fig. 2).

To give an example of the results of eqns. (8), (9) and (10), a table was com-
puted giving the amount of gas in various concentration intervals for an
instantaneous cloud of 10° m® gas. A numerical searching routine was used to
find for eqn. (8) the distance from the centre corresponding to a given con-
centration. Table 1 gives the results for very stable meteorological conditions
and without special corrections for density differences. Table 2 gives the re-
sults for the same case, but computed with the numerical solution. The differ-
ences are mainly due to the different initial shape (ellipsoid or box) and some
inaccuracy due to the limited number of steps in the numerical integration.

2.2 Continuous source

The starting point for the calculations for this case is the equation for the
continuous point source treated as Gaussian plume (see [4]):

2 _ 2
Cra)” ErU—Oy%)Z(?) exp (- 20?@)) [exp(‘ (;o%gc)) )
"X (—%&Hl)i)] (11)

For oy and o, generally accepted data from the literature are used (see Ap-
pendix). For a source with initial dimensions Ly and L, (for a continuous
source, L, is usually not taken into account), corrections can be made by the
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use of a virtual point source or by using the following equation:
L, - L, +
Clrye)= —t [erf( 22) vert (2222 )]

16 ULy Lz Oy\/z Oy\/z
Lz—z"'H Lz +Z—H Lz-z—H
X rf(————)+ rf(—— )+ rf(———)
[e o2V 2 € oV2 € o/ 2
+erf(Lz+z+H (12)
f’z\/2 )]

2.2.1 Analytical solution

The amount of gas in the explosive region of the plume resulting from a
continuous point source can be calculated by integrating eqn. (11) analytically,
provided that o, and o, are described by simple power laws:

oy = ax® (13a)
0z = ex® (13b)
The result can be written as:

mg _ b+d x, —-x, (14)
mg b+d+1 U

where:
X, = maximum distance to LFL
x; = maximum distance to UFL

Eqn. (14) again is subject to the restriction that either the source must be at
ground level or the plume must be free from the ground. Since in these cases
x; and x, can be calculated from mg (using the inverse of eqn. (11)), this
leads to:

mg _ b+d ( mg )1/(b+d)[( 1 )1/(b+d) ( 1 )1/(b+d)]

myg - (b+d+1)U \ nUac CLFL CurL

(15)

for H = 0 (see also [9]).

Several remarks should be made with respect to eqn. (15):

For a plume free from the ground in eqn. (15) the group = Uac becomes
2nUac.

If the concentration at the source is already lower than UFL, x, in eqn. (14)
and the term containing Cyyr, in eqn. (15) must be put equal to zero.

Note that for the continuous source the ratio mg /m, is dependent on mg,
i.e. mg increases significantly faster than linear with increasing my.
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A formula analogous to eqn. (10) has not been found for a continuous
source with initial dimensions >0. If the initial dimensions are such that they
can be described with sufficient accuracy with one virtual distance x,, then mg
can be calculated for the virtual point source and the contribution over xy can
be subtracted. A distinction must be made between two cases:

(a) The maximum concentration at the source is greater than UFL. This
leads to:

mE_l_[(b+d)(x2-x1)_x$+d+1 ( 1 1 )]

ms U b+d+1 b+d+1 \xb*d — ,b+d

(18)

(b) The maximum concentration at the source is smaller than UFL. This
leads to:

my L[Grdm

- 17
ms Ulb+d+1l 7 (b+d+1)xb™@ an

with x; and x, now measured from the virtual point.

Because, for the calculation of mg the concentrations in the plume at one
moment are the relevant concentrations, xy, x; and x, must be calculated
with the o, -values for an instantaneous source!

2.2.2 Numerical solution

A computer program was written to integrate eqn. (12) numerically over
the explosive region. This solution can be used as a mutual check against the
results described in Section 2.2.1, but also makes it possible to use other func-
tions than power laws for o, and to study the influence of the dimensions of
the source.

2.2.3 Results
For methane, eqn. (15) gives for various meteorological conditions, using
dispersion data according to [4]:

very stable mg = 33.95 (mg/U)! 53¢

stable mg = 19.2 (mg/U)'-613

neutral mg = 12.6 (mg/U)!-°! 18
light unstable mg = 8.23 (m,/U)"5* (18)
unstable mg = 5.58 (mg/U)!-583

very unstable mg = 8.71 (mg/U)!-%%7

with mg inm3, mginm?® s™!, Uinm s™!.
To give a further impression of the results of the present equations, Table 3
has been calculated using the dispersion parameters in a form adapted to [4].
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TABLE 3

Values of mgU/mg (in m) for various concentration regions calculated with eqn. (16) for some values of
mg/U (in m?) for very stable meteorological conditions

Concentration mg/U

1.000 3.000 10.00 30.00 100.0 300.0 1000
0.50—1.0 104.8 210.8 453.4 911.8 1961 3943 8480
1.0—2.0 67.42 1356.6 291.6 586.4 1261 2536 54563
2.0-3.0 27.63 56.56 119.5 240.3 516.7 1039 2234
3.0—4.0 15.67 31.52 67.79 136.3 293.1 589.5 1268
4.0—5.0 10.31 20.73 44.58 89.65 192.8 387.7 833.7
5.0—6.0 7.383 14.85 31.93 64.21 138.1 277.7 597.1
6.0—17.0 65.592 11.25 24.19 48.64 104.6 210.3 4562.3
7.0—8.0 4.407 8.863 19.06 38.33 82.42 165.8 356.4
8.0—10 6.546 13.16 28.31 56.93 1224 246.2 529.4
10—15 9.628 19.36 41.64 83.74 180.1 362.1 778.7
15—20 5.333 10.73 23.07 46.39 99.75 200.6 431.4
20—30 5.759 11.68 2491 50.09 107.7 216.6 465.8
30—40 2.996 6.024 12.95 26.05 56.02 112.7 242.3
40—50 1.766 3.629 7.588 15.26 32.82 65699 1419
50—60 1.078 2.169 4.683 9.378 20.17 40.56 87.22
60—70 0.6643 1.336 2.873 5.778 12.42 24.99 53.73
70—80 0.3902 0.7847 1.687 3.394 7.298 14.68 31.56
80—100 0.25659 0.5146 1.107 2.226 4.786 9.6256 20.70

3. Concentration as a function of time and distance

To assess the possibility of ignition of a cloud it is necessary to know the
maximum concentration as a function of the downwind distance. For in-
stantaneous or short-duration releases, it is therefore necessary to determine
the maximum concentration during passage of the cloud. It was therefore
decided to write a computer program to give the concentration as a function
of time and distance for a quasi-instantaneous release of a gas or a fast
evaporating liquid. In Section 4 the model for the initial behaviour of the
cloud (gravitational spreading and gas entrainment) will be explained. As one
of the cases of interest is a spill of LNG on the sea, a literature search for data
on dispersion above the sea was made. Direct measurements of such dispersion
seem scarcely available. Some indication, however, could be obtained from
[10], [11] and [12]. It seems that for a sea surface not too far removed from
land, unstable, neutral and stable conditions can occur for which the disper-
sion can be assumed to be equal to that for Pasquill classes B, D and F, respec-
tively, corrected for the normally small roughness length of the sea surface.

3.1 Time-dependent model

The numerical model is built up as follows. The initial cloud is assumed to
be stationary at the source with the shape of a flat cylinder, of which the diam-
eter and height are known as a function of time. It is assumed that “slices” of
the cloud (see Section 4) drift downwind. After a certain time a great number
of slices are under way, as indicated in Fig. (3). To calculate the concentration
at a given point at a given time, the contribution of all the slices must be
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Fig. 3. Schematic diagram of ‘“‘slices’’ of a cloud moving downwind with time. The dashed
circles indicate that each slice grows by turbulent diffusion while travelling downwind.

added. As the slices can be of the same order of magnitude as the distance
from the source where the concentration is calculated, the slices are divided
into bands (with length in the crosswind direction) to maintain a reasonable
accuracy. The contribution of each band is calculated with the aid of eqn. (2).
The program can fairly easily be adapted to other initial shapes than circular.

3.2 Comparison with literature data

The model contains three parameters which must be adapted to experi-
mental data for gases heavier than air because the cold methane vapour is also
heavier than air. The first is the entrainment* rate (kg m—2 s™') which is as-
sumed to be constant over the top surface of the cloud. This was done by com-
paring the source model with the data of [2] concerning the vapour flow rate
(see Section 4). The result:

E,=0.00256 U kgm™2 5!

was used in the ;;resent model. The second and third parameter to adapt are
the vertical dispersion and the effective windspeed for the cloud. References [2]
and [13] give examples of the concentration as a function of time. Comparison
with the model leads, in both cases, to the conclusion that the vertical disper-
sion is comparable to that for Pasquill’s F-class, and that the effective wind-
speed for the cloud is low, i.e. approximately 1 m s~ (see Figs. 4 and 5). As
the tests were performed under neutral conditions, this means a considerable
reduction in vertical dispersion, but less than proposed in [14]. The difference
lies in the large value for oy observed in [14] at 1,000 m from the source.
Since at that distance the passage-time is already in the order of 300 s, a
random shift can easily occur during that time, upsetting the calculation of

*See section 4.
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Fig. 4. Comparison of the present computer model with data from [2] concerning trial 10A:
Spill size 2,200 kg, windspeed 2.2 m s, sensor distance 520 m, and meteorological condi-
tions neutral. Windspeed adjusted to give the same arrival time as measured.
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Fig. 5. Comparison of the present computer model with data from [13]: Quasi-.
instantaneous release of 1,000 kg Freon. Initial dilution 11 times (v/v) according to [14],
windspeed 3 m s~!, meteorological conditions neutral, windspeed adjusted to give the same
arrival time of the cloud as measured.

the material balance. The dosage (at 1,000 m) of approximately 270 gs m—3
is correctly reproduced by the present model using the F-class ¢, values. As
explanation for the fact that the vertical dispersion is not further reduced than
to values equivalent to the F-class, it can be argued that the combination of
entrainment and dispersion reduction is a self-limiting process. Because, if
vertical dispersion is nearly completely suppressed, then the entrainment by
turbulent mixing will tend to zero, but without entrainment there would be
no dispersion reduction. It is therefore reasonable that a fairly constant and
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relatively small entrainment rate would establish itself quickly above a heavy
gas layer. However, many experiments under different meteorological condi-

tions are still necessary to study these effects quantitatively.

3.3 Some results for LNG

Essentially the present model is used to extrapolate from spill sizes as used
in experiments to very large spills. Figure 6 gives the maximum distance to
LFL and %LFL for various spill sizes. Figure 7 gives the concentration as a
function of time at a distance of 10 km from a spill of 107 kg LNG

(25,000 m?).
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Fig. 6. Maximum distance to %LFL and LFL for a spill of LNG on the sea as a function of

the amount released, under stable meteorological conditions.

Fig. 7. Concentration as a function of time for a spill of 10" kg LNG on the sea under

stable meteorological conditions.

4. Source model for a quasi-instantaneous LNG spill on water

The model used to describe the spreading of liquid and vapour at the source
can be set out as follows. When the liquid is spilled, a cylindrical pool is
formed which spreads gradually over the water. For a cryogenic liquid the
evaporation rate is so high that not all the gas produced can be immediately
carried away by the wind (see [2]). Therefore, a flat cylindrical cloud forms
above the liquid pool. As the vapour is heavier than the surrounding air, the
behaviour of the ‘““vapour-pool” is not unlike that of the liquid pool, i.e. it also
starts spreading over the water surface. From this vapour-pool a certain
amount per second is carried away by the wind, here called entrainment (see
[15], [16]) and expressed in kg m ™" s™'*. The entrainment is analogous to

*In the literature, entrainment often indicates the mixing of air into a cloud.
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the evaporation of a liquid with a boiling point well above the ambient
temperature (see Fig. 8).

U ———

Py =7 4 4 1))

i - O
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\
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Fig. 8. Schematic diagram of a source consisting of a spreading liquid pool, accompanied by
a spreading vapour cloud and entrainment of the vapour by the wind.

4.1 Some formulae used in the source description

As part of the present project, a literature study was made of the behaviour
of cryogenic liquids spilled on water. From those results (see [17]) the follow-
ing equations were used:

m,=0.05kgm™2 s™! 19)

for the rate of evaporation, which means that a fixed evaporation rate is used.
The diameter of the liquid pool is calculated from:

Diiq = 0.76 W4/t (20)

where W is the total amount of LNG in kg. For the spreading velocity of the
gas pool an equation derived from ref. [14] is used:

dR -
dt P2

4.2 Computational loop for source parameters

Assuming for the moment that a value is known for the entrainment, the
following computational loop will give a numerical simulation of the source
dimension as a function of time:

initial parameters

g

— new radius of vapour cloud

Ri+1 = R; + UgAt
— new radius of liquid pool

Rjiq from eqn. (20)
— amount of vapour produced by evaporation
-~ amount of vapour removed by entrainment
— amount of vapour remaining in the cloud tis1 = L; ¥ AL
— new height of the cloud, H
— new front speed of the cloud Us

lL

source dimensions and source strength
as a function of time
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In [2] the total amount of vapour carried away by the wind per second was
determined for a number of experiments (there indicated as vapour flow rate).
By fitting the present source model to those data it was possible to determine
the entrainment (see [18]):

E,=0.00256Ukgm™2 s™! (22)

The determination of E, has a limited accuracy, because as E, increases the
vapour-pool diameter decreases, resulting in only a small change in the total
vapour flow rate. On the other hand, this argument implies that for the calcula-
tion of the maximum concentration, the value of E, is not very critical.

5. Conclusions

From the results presented, it can be concluded that for neutral gases, a
reasonable estimate of the amount of gas in the explosive region can be made
using the formulae derived from the conventional dispersion models.

More difficulties are encountered in establishing a model for large amounts
of a gas heavier than air. Here the effort was concentrated on predicting down-
wind concentrations. As it happens, the results of tests with 1,000—4,000 kg
can be numerically simulated, provided that three quantities are adjusted in a
suitable manner, i.e. the rate of entrainment of the gas by the air stream, the
vertical dispersion and the effective speed of the cloud. However, the available
experiments do not allow one to test separately the assumptions implied in the
values used for the three quantities. To achieve this, many more experiments
under a variety of conditions will be necessary.

List of symbols

a, becde coefficients in approximating oy and o,

C(x,y,2,t) concentration (kg m™3)

erf (x) error function

E, rate of entrainment (kg m—2 s™!)

H source height (m)

Ly source dimension in x-direction (m)

Ly source dimension in y-direction (m)

L, source dimension in 2-direction (m)

In (x) natural logarithm of x

m source strength for instantaneous source (kg)

mE total amount in explosive region (kg)

my rate of evaporation (kg m—2 s™!)

ms source strength for continuous source (kg s~! orm?* s™!)

P concentration in centre of instantaneous cloud at the time for
which mg is calculated (kg m ™3, or %v/v, or fraction)

P, upper explosion limit (UFL) (dimension, see P)

P, lower explosion limit (LFL) (dimension, see P)

o, At e S 1 e b
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initial radius of instantaneous cloud (m)

radius for given concentration

time (s)

windspeed (m s™')

ratio of UFL to LFL

auxiliary variable

auxiliary variable

co-ordinate in wind-direction (m)

crosswind co-ordinate (m)

vertical co-ordinate (m)

position of centre of the cloud (m)

distance to UFL

distance to LFL

density of the surrounding air

density of the gas

standard deviation for spherical cloud (m)

standard deviation crosswind for continuous source (m)
vertical standard deviation for continuous source (m)

OxI, Oyl, OzI standard deviation for an instantaneous cloud (m)
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Appendix
Pasquill’s system for dispersion calculations

Pasquill’s system for dispersion calculations can be divided into three parts:

(i) Definition of stability classes.

(ii) Graphs for gy and o, as a function of the distance from the source for
each class.

(iii) Data giving the frequency of occurrence of the stability classes.

Definition of stability classes

In view of the limited accuracy of dispersion calculations, it appears to be
more practicable to divide all possible meteorological conditions into, for
example, 6 classes, labelled A, B, . . ., F, from very unstable to very stable con-
ditions. For planning purposes the classes can also be interpreted as representa-
tive cases for which calculations are carried out. Pasquill determines the class
from the insolation and the windspeed. A modified definition of the classes was
constructed for the Dutch climate by the Royal Netherlands Meteorological
Institute, using cloud cover, windspeed, season and time of the day to deter-
mine the stability class [19]. When used as representative cases a windspeed
was assigned to each class: B, 2: C, 5; D, 5;E, 3;F,2ms™!.

Size of the cloud

The growth of the cloud or plume is quantified by the horizontal and
vertical standard deviations gy and.s;. In the original reports of this study the
values for oy and o, were chosen in accordance with Pasquill’s recommenda-
tions of 1962 [7], with the exception that class A was not used. In the
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computer programs

b and oz=cxd+e

O'y =ax
were used, with constants as given in Table 4. The oy and o, thus calculated
can be considered to be 10-minute average values. When values for o, were
necessary, ox = 20y was used, which later turned out to be a reasonable ap-
proximation for neutral conditions only (see below). In the present paper
these data were used only in Fig. 1, and Tables 1 and 2. For the other
figures and tables, the calculations have been repeated following the more

TABLE 4

Constants for the calculation of 0, and 0, according to Pasquill’s recommendations of 1962

(71

For the approximation of 0, it was necessary to divide the downwind distance into several
segments, each with its own values for the constants. An extrapolation was made for
x <100 m.

Stability a b

B 0.371 0.866
C 0.209 0.897
D 0.128 0.905
E 0.098 0.902
F 0.0656 0.902

Stability  Distance

1—10 10—100 100—1000 1000—20000 20 000—10°

Values for ¢

B 0.15 0.1202 0.0371 0.064 0.0644
C 0.15 0.0963 0.0992 0.0991 0.1221
D 0.15 0.0939 0.2066 0.9248 1.09356
E 0.15 0.0864 0.1976 2.3441 2.5144
F 0.15 0.0880 0.09842 6.5286 2.8745
Values for d

B 0.8846 0.9807 1.153 1.0997 1.0843
C 0.7533 0.9456 0.9289 0.9256 0.9031
D 0.6368 0.8403 0.7338 0.5474 0.5229
E 0.5643 0.8037 0.6865 0.4026 0.37566
F 0.4771 0.7085 0.7210 0.2593 0.30103
Values for e

B 0 0 3.1914 2,6397 0

C 0 0 0.2444 1.7383 0

D 0 0 -1.3659 -9.0641 0

E 0 0 ~1.1644 -16.3186 0

F 0 0 -0.3231 ~26.1683 0
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TABLE b

Constants for the calculation of o, (as ax®) and o, (as cx?) adapted to [4]

oy is to be considered as a 10-minute average value, o, for 2, = 0.1 m and source height
<20m. x, 0, and o, inm.

a b c d
very unstable (A) 0.527 0.865 0.28 0.90
unstable (B) 0371 0.866 0.23 0.85
slightly unstable (C) 0.209 0.897 0.22 0.80
neutral (D) 0.128 0.905 0.20 0.76
stable (E) 0.098 0.902 0.15 0.73

very stable (F) 0.065 0.902 0.12 0.67

recent recommendation by Pasquill in 1974 [4], shown in Table 5, and using
some other literature data given in [20].

oy is multiplied with a correction factor for other averaging times:

T 0.2

or= (=)
T~ 600

with T in seconds and a minimum value for Cp of 0.5, also used for instan-
taneous sources. o, is multiplied with a correction factor for other roughness
lengths:

0.22

Cz, = (102,)™5% ~
No special values for ¢, are used for an instantaneous source. For o,
ox =0.13x

is used (for all stability classes).

Frequency of occurrence of stability classes

The Royal Netherlands Meteorological Institute has compiled data for The
Netherlands concerning the frequency of occurrence of the various stability
classes [21].



