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The effect of atmospheric conditions on plume rise

By P. R. SLAWSON AND G. T. CSANADY

University of Waterloo, Ontario
(Roceived 14 June 1968 and in revised form 9 June 1970)

The buoyant rise of chimney plumes is discussed for relatively large distances
from the source, where atmospheric turbulence is the dominant cause of mixing
(rather than turbulence due to the plume’s own upward motion). A simple
theory is developed which shows a number of different shapes plumes can have
under different atmospheric conditions (particularly in an unstable environment).

Experimental data are then presented, which were collected in the field near
Toronto, with reasonably detailed supporting information on the atmospheric
temperature structure. These (and earlier results) often show quite complex
plume behaviour at large distances from the source, which can, however, be
readily understood in terms of the simple theory presented.

Introduction

Hot gases discharged from a chimney into the atmosphere drift upward owing
to their buoyancy at a speed usually rather smaller than wind speed. The flow
pattern in the resulting nearly horizontal plume is then very similar to that in a
turbulent ‘line thermal’. The upward drift of plumes and thermals depends
critically on their growth by entrainment of ambient fluid, as has been made
clear in a classic paper by Morton, Taylor & Turner (1956).

The Morton et al. paper deals with plumes and thermals in quiescent sur-
roundings in which case the turbulence causing the entrainment is generated
by the plume’s own motion. When the environment is already turbulent (as the
atmosphere is) both the ‘self generated’ and the ‘environmental’ turbulence
presumably contribute to growth. Relatively simple conditions may be expected
to result if one or the other dominates. In Csanady (1965) the atmospheric-
turbulence dominated phase of a line-thermal was briefly discussed for the case
of neutral stratification. This could be subdivided into two subphases charac-
terized by growth being due respectively (a) to eddies in the inertial subrange
and (b) to the energy containing eddies. The rate of growth in case (a) is very
much more vigorous.

In an earlier paper (Slawson & Csanady 1967, to be referred to as 8 & C) we
have further discussed the dynamies of plume motion in the three phases,
‘initial’ (self-generated turbulence determines growth), ‘intermediate’ (atmo-
spheric eddies in the inertial subrange determine growth) and ‘final’ (energy
containing eddies of atmospheric turbulence determine growth). We have shown
that the extension of the Morton ef al. theory to these three phases led to essen-
tially the same predictions as the line-thermal theory presented in Csanady
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(1965). We have also presented some observational evidence collected with
particular care and demonstrated that the mean path of plumes in neutral
surroundings behaves according to theory in the initial phase. There was no
intermediate phase in evidence in those observations, but the final phase
behaviour again seemed to follow the theory, although the evidence for this
was not conclusive because it covered some rather special conditions only.

Several other contributions to the buoyant plume problem appeared in the
literature since 8 & C went to press (Moore 1966; Briggs 1969; Bringfelt 1969;
Hoult, Fay & Forney 1969) and reasonable concensus emerged on the mean path
of hot plumes in the ‘initial’ phase, under neutral and stable atmospheric
stratification. Non-neutral conditions are modelled theoretically by assuming
the atmospheric potential temperature gradient to be constant.

While such progress is gratifying in a subject beset by much past confusion,
some important observed facts remain unexplained. Even if we disregard the
influence of the more obvious atmospheric inhomogeneities (concentrated shear
layers and inversions), the initial phase theory cannot account for the peculiar
shape of plumes in unstable surroundings (we have presented some examples of
these in S & C with a very crude qualitative explanation); nor is the long-term
behaviour of plumes in near-neutral conditions well documented or understood.

In the present paper we therefore address ourselves mainly to the behaviour
of plumes beyond the ‘initial’ phase, where the evidence indicates strong in-
fluences from an interplay of stratification and atmospheric turbulence (the latter
insofar as it affects plume growth). The extension of the three-phase theory intro-
duced in Csanady and developed in 8 & C leads to a number of theoretical pre-
dictions, which seem to explain some of the complex observed phenomena
reported in S & C. We also report here some further field observations, many
being supported by fairly detailed atmospheric temperature profiles to 300m
observed by means of kite-borne radio-sondes. Such temperature profiles are
quite helpful in the interpretation of the observed results. When this infor-
mation is available, the extended simple theory appears to account for many
observed complexities of plume rise.

Extended simple theory

The by-now well-established ‘initial phase’ theory of buoyancy-dominated
plume rise rests on the following assumptions: (i) The plume rise is caused mainly
by buoyancy. This assumption restricts the validity of the theory to plumes from
large heat sources and even then excludes a small portion of the plume im-
mediately downwind of the chimney where initial momentum is important.
(ii) The wind speed is approximately constant with height in the region where the
plume is rising. (iii) The dominant dispersing agent (for heat and vertical momen-
tum) is the plume’s ‘self-generated’ turbulence, i.e. that due to the bodily
vertical motion of the plume (this restricts the theory to an ‘initial’ phase of
motion, before environmental turbulence becomes dominant). (iv) The potential
temperature gradient of the atmosphere is constant with height, again in the
region where the plume is rising (it can be positive, negative or zero).
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The theory has been developed with these assumptions by Moore (1966) and
others, and it fairly successfully correlates field observations on observed mean
plume paths at moderate distances from the source. Particularly good results
are obtained for stable atmospheric conditions (Briggs 1969; Bringfelt 1969). By
changing or replacing assumptions (i) and (ii) the theory may be extended to
momentum dominated plumes and more complex conditions but we shall not
be concerned with this.
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Ficure 1. Theory and experiment on unstable plumes.

The most conspicuous departures from the above theory occur with plumes
observed under unstable conditions: some (but not all) plumes remain decisively
below the theoretical predictions, as illustrated in figure 1. We have already
reported this phenomenon in 8 & C. Also, even plumes in nearly neutral sur-
roundings do not appear to follow the 2 power law at large enough distances,
although evidence on this point is meagre. In order to explain such effects, an
extension may be made to simple approximate theory if we replace assumption
(ili) above by: (ilia) Atmospheric turbulence becomes the dominant plume-
dispersing agent beyond a certain transition point.

The consequences of this assumption have been worked out in S & C for
neutral plumes, and Bringfelt (1969) also uses it in his discussion, mainly in
establishing the range of validity of the theory based on assumptions (i)—(iv).
In the following we will show that the complex observed mean paths of plumes
in unstable and strongly turbulent surroundings can be explained in terms of an
extended simple theory based on assumptions (i), (ii), (iiie) and (iv).
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Governing equations

Assumption (iiie) leads to an equation expressing the rate of growth of a
plume in terms of atmospheric turbulence parameters. Because the growth of
a chimney plume is a problem in ‘relative’ diffusion, the rate of growth depends
on the size of the cloud, as long as the latter is small compared to the ‘energy
containing eddies’ of the environmental turbulence. Thus we are led to three
different mass-balance equations characterizing ‘initial’, ‘intermediate’ and
‘final’ phases of plume growth. The vertical momentum equation, and the
energy (density defect) equation remains more or less as already introduced in
Morton et al.

UdR?/dx = 2a|w| R (initial phase) (1a)
(self-generated turbulence);
mass: UdRt[dx = 2a,65Rt  (intermediate phase) (1)
(eddies in inertial subrange};
UdR?dx = 2a,vL (final phase) (1¢)
(energy containing eddies);
momentum:  Ud(R%w)/dx = R?*:; (2)
density defect: U d(R?)/dx = — R%wN2. (3)

The above equations are based on the assumption of a ‘top-hat’ profile
(constant w, b within plume). A somewhat more general approach is to assume
arbitrary, but self-similar distributions, which introduces constants of order
unity into (2) and (3). We shall not pursue this complication here.

Above U is the mean wind speed, w, b = gAp/p and R are vertical velocity,
buoyant acceleration and radius of the plume respectively. The constant o is
the ‘entrainment constant’ for the initial phase, while «,, a, are corresponding
constants relating turbulence parameters to plume growth (v = r.m.s. turbulent
velocity, L = length scale of the energy-containing eddies, ¢ = rate of energy
dissipation per unit mass).

The effect of stability enters through the parameter

2 _ 9% 90,
NE= prdz T T, dz’

where g is acceleration of gravity, ,, p, and 7} are the potential temperature,

density and absolute temperature, density changes being assumed small com-

pared to a reference density p,. As mentioned before, N will be assumed constant.

In stable conditions, N2 is positive, and N is the Brunt—V4isild frequency,

while in unstable and neutral conditions, N2 is negative and zero respectively.
Equations (2) and (3) are to be solved with the initial conditions

R2w =0

and R — F/U} at z=0, (4)

where F is the initial ‘flux of buoyancy’ variable, F' = gQ/mp,c,T; with @ heat
flux at the chimney, p, gas density, c, specific heat.
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With these initial conditions, (2) and (3) have the solution

R2w = (IU?/N)sin (Nz/U), (5)
R% = 1U%cos (Nz/U), (6)

where [ is a buoyancy length scale defined by
l=F|U3 (7N

Equations (5) and (6) are applicable in all three phases of motion in any con-
ditions of linear thermal stratification (including neutral stratification).

The initial phase

Equation (5) shows that negative vertical velocities will occur in a stable
atmosphere, hence the absolute value |w| appears in (1a), expressing the fact
than entrainment always leads to plume growth (this formulation was suggested
by a referee). It may be pointed out here that the entrainment assumption
expressed in (1a) is likely to be a poor model of plume growth near the point on
the plume path where w = 0. Ignoring this difficulty, however, and assuming
that N is real (stable conditions), (1a) and (5) yield for the ‘¢nitial phase’ of
plume growth, using B = 0 at z = 0 as a simplified initial condition:t

R? = [32lU?/N?][(2n— 1)+ (— 1)?cos (Nz/U)] (»n=1,2,...), (8)

where % is an integer such that (n —1)7U/N < « <naU/N. The equation for the
mean path is now obtained by substituting (8) into (5), noting that

dz/de = w/U and taking 2=0 at z=0. (9)
Thus after integration we find

3172 :
2 = Oy (- Gl = D+ (= Dreos VaY]), (10)
U2\ n
where C,= (Ngz_oczlé) pé]l( —1)r (2p—2)t

for the range of x specified in (8). The resulting initial phase plume path shows
damped oscillations in the vertical with circular frequency N. The plume levels
off asymptotically at the height of

2Jl = 1-53(U% N2a2i2)t. (11)

The constant 1-53 has been arrived at by a numerical evaluation of (10) to
large z, and agrees with the value quoted by Bringfelt (1969).

The maximum rise, which occurs when z = 7U/N, is 2/l = 1-82(U2/N2a%2)},
Thus the final rise is 16 9%, less than the maximum. Also, momentum is a maximum
at x = 7U/2N where buoyancy is zero, giving a significant momentum ‘over-
shoot’ to the plume for

nU2N < x < nU|N.

1 The finite initial size of the plume may be taken into account by placing a *virtual’
origin some distance below and upstream of the source.
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Near the origin, z < Un/N, the plume path is found by expanding the cosine
term in (10),
2/l = (3/20%)} (x/)%, (12)
which is the same as the neutral plume path arrived at in S & C.
In unstable conditions, when N2 is negative, (5) and (6) solve with (1a) to give
for the initial phase
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Figure 2. Typical 3 phase behaviour of buoyant plumes under neutral,
unstable, and stable atmospheric conditions.

Substituting (13) into (5) and again using the relation (9) we have, after integra-
tion, the mean path given by

[

The character of this solution is already illustrated in figure 1. As in stable
conditions, (14) also reduces to the 2 law of neutral conditions given by (12) for
x € wU[|N?|%. This is to be expected, because expanding either the cosine term
in (10) or the hyperbolic cosine of (14), for small z, is equivalent to the expansion
for small N. The solutions (10) and (14) are thus valid for all stable and unstable
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conditions including the limiting condition of neuntral stability. The results of the
first phase theory for all stability conditions are illustrated in figure 2. They may
be summarized in the following simplifications: (1) Sufficiently close to the
source the % power law holds in all stability conditions. (2) Stable plumes level
off at a well-defined height, possibly after a noticeable ‘overshoot’. (3) Unstable
plumes rise more or less exponentially after they depart from the universal £ law
path.

Atmospheric turbulence dominated phases

Turning now to the intermediate and final phases of plume growth, where
atmospheric turbulence is assumed to dominate the dispersion of the plume, we
find that equations (1) and (1¢) may be integrated to give

R? = [R}+ 20,6t (x—2))[3UP (2, < @ < ), (15)
and R? = R:+2a,v0L(x—2,)[U (% = ), (18)

where subscripts 1 and 2 denote the start of the second and third phases. From

equations (5) and (9) we obtain the expression for the slope of the plume (in any

phase, or under any linear stratification):
U () )

The plume path for a specific phase may now be obtained by integrating (17),
after substitution of R? from (5) and (6). However, some general conclusions
may be derived at once.

In the intermediate phase the rate of plume growth is rapid and the plume
slope generally decreases. Under unstable conditions sin (Nz/U) becomes
sinh (| N2|¥z/U) with the result that plume slope will grow indefinitely at suf-
ficiently large . However, the value of | N2|#/U is often such that such an increase
is not, in fact, observed. Under neutral conditions UN-1sin (Nz/U) reduces to z,
thus the slope is

dzjdx = lx/R*. (17a)

This also reduces sharply in the intermediate phase, but tends to a constant
in the final phase. Under stable conditions there is a tendency to level off already
in the initial phase: this is enhanced in the intermediate phase, somewhat
reduced in the final phase.

The transition from the initial to the intermediate phase occurs when atmo-
spheric turbulence of the inertial subrange takes over from the plume’s self-
generated turbulence as the principal mechanism for growth or dispersion. It,
therefore, seems reasonable to equate the growth rates of the initial and inter-
mediate phasesin order to determine this transition ‘ point’. It is, of course, a gross
simplification to imagine that such a transition takes place suddenly, but in the
present state of the theory, a refinement would seem to be pointless. Thus, we
postulate (asin S & C) that, at the transition point z,, the ‘entrainment velocity’
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a|w| of the initial phase just becomes equal to the velocity scale of eddies of
size R (i.e. that the right-hand sides of (1a) and (1b) just become equal). Thus

aw, = a,e¥RY, (18)

where subscript 1 denotes transition point variables.

It will be sufficient to solve for the transition point x; for neutral conditions,
in order to show its dependence on atmospheric parameters. From the initial
phase, (8), (9) and (10), we have

R, = Gallal and w, = Ul(Za)3a7h,
which, when substituted into (18), gives
zy = 0-565(al)t (Ua, eb)s. (19)

It is a little more enlightning to express this result in terms of ‘gustiness’
v/U and scale (of turbulence) L, on writing € = v3/L (so that L is the ‘dissipation’
length scale: in view of having introduced the constant a, in (1¢), this is a per-
missible assumption). Also, introducing the definition of I, we have

ok F\:(U\®
xl = 0565&—%L (ﬁ) (;) . (19@)

Although derived for the neutral case, (19a) remains approximately valid for
all stability conditions provided that the transition point occurs while the 2
power law is still a good approximation to the mean plume path.

Equation (19¢) shows the expected result that (at constant wind speed and
turbulence length-scale L) either a decrease in source strength and hence in self-
generated turbulence, or an increase in atmospheric turbulence, will move the
transition point closer to the source. At the same time, the non-dimensional
abscissa /I will also be proportional to (L/1)? and hence be relatively larger for
smaller sources, or in high winds. Substituting into the expression for R, we
find further for the transition radius for later use

R, I\t (T\S F oAb
2=4(z) (2) - 4(zmm) .

where 4 = (3)¥ 0-5658xta7® = constant,
Similarly, by equating the growth rates for the intermediate and final phases,

we find that .
R = ava $ - (:1_2 Yy E 'y (20)
27 a6 a;) \u/’

which, with equations (15) and (19b), gives

R+ N

Thus the distance over which the ‘intermediate’ phase would extend is, in
order of magnitude, equal to length scale of turbulence L, divided by gustiness
v/U or typically a few hundred metres. Furthermore, the possibility exists that
the bracketed quantity in (21) becomes negligibly small or even negative, so
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that the ‘intermediate’ phase disappears altogether. This occurs when the ratio
I/L is of the same order of magnitude as, or larger than »%/U?, a not uncommon
set of circumstances for large power station chimneys at relatively low wind
speeds. The quantity I/L = F|LU? varies rapidly with wind speed, while v?/U?
only changes slowly (although turbulence intensity depends on other conditions
as well). Thus, for large heat sources, we derive the result that the ‘initial’
phase gives way directly to the ‘final’ phase at low speeds, or at low turbulence
intensities, while a pronounced intermediate phase should exist at higher speeds
or when turbulence is particularly intense. Because of the vigorous mixing in the
intermediate phase, plumes should level off (change slope) rapidly in higher winds
while they would retain an appreciable slope in low winds as they entered the
‘final’ phase, in which diffusion is less lively.

Intermediate
and
final phase

Initial phase Unstable plume
low turbulence

3 power law

Unstable plume
Intermediate high turbulence
and
final phase
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Ficure 3. Two possibilities of unstable plume behaviour.

Equations (15) to (17) may be integrated numerically to give the plume path,
once the initial conditions at the two transition points have been defined. In
dealing with an actual plume, there is a certain amount of arbitrariness in the
choice of these, so that there is little difficulty in producing a ‘theoretical’ curve
following the observed one exceptionally well, while choosing very reasonable
transition point conditions (such calculations have been presented by Slawson
(1968)). The most interesting result in such calculations is obtained for unstable
plumes: given the usual high turbulence level, the intermediate or final phase
may start while there is still little departure from the £ power law in the initial
phase. (Note that the ‘initial phase’ under unstable conditions contains a portion
resembling a neutral plume at small distances, see (14).) Because the effect of
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atmospheric turbulence, once this takes over as the ‘dominant’ mixing
mechanism, is to increase dilution compared to the mixing due to self-generated
turbulence, the departure from the 2 power law is, in this case, at first downward.
Later, however, the instability of the atmosphere may dominate, cf. remark
following (17). Thus we are led to a characteristic S-shaped curve, seen in many
unstable plumes. On the other hand, when the turbulence intensity is not par-
ticularly high but instability is, the plume-slope may begin to increase in the
later parts of the initial phase before a levelling-off takes place due to increased
mixing in the intermediate or final phases. This then leads to a double S-shaped
curve, because the instability still eventually dominates and produces an upward
curvature. These two possibilities are illustrated in figure 3. This figure explains
also why unstable plumes may be sometimes above, sometimes below the 2 power
law path, as reported from field observations in 8 & C.

Experimental technique

During the summer of 1967 another series of plume observations was carried
out at the Lakeview (Toronto) power station, to supplement the 1965 data.
The main improvement in technique was that a tethersonde provided the atmo-
spheric temperature profile in the lowest 300 m. In addition, an effort was made
to reduce errors of perspective further and at the same time to resolve more of
the instantaneous plume on to film. To this end, the camera-transit levelling
base, by which the film plane was maintained in the vertical, was further refined.
In addition, two 35 mm single lens reflex cameras with colour and infra-red film
were placed side by side and used to simultaneously photograph the instantaneous
plume.

Two 150m chimneys with 6 m internal diameters at the top, situated 75m
apart, discharged all of the flue gases during the experimental period. Two
300 MW turbine units per chimney operated at full load for the first two ex-
periments while only one unit was operational on the second chimney for the
remainder.

The stack gas exit parameters, mean wind speed at plume height and wind and
turbulence data at a height of two meters were obtained as outlined in 8 & C.
The plume was photographed every 2-5 min while temperature profiles to heights
of approximately 300m were simultaneously obtained. Two of the time-mean
plume paths were obtained from 9 and 12 photographs while 18 to 31 were used
to obtain the others. The temperature profile data were obtained by means of a
Canadian Department of Transport chronometric tethersonde and associated
receiving equipment.

The tethersonde was lifted aloft by means of specially designed stable kites.
This simple, portable and inexpensive method of lifting the tethersonde was
tested successfully in ground winds of 15 m/sec and to heights of 600 m. However,
a flight ceiling of 300m for the kites was imposed at the experimental site on
account of nearby air traffic. The temperature profiles resulting from both ascent
and descent of the tethersonde were averaged to give the final profile.

In 1967 there were two stacks operating during the experiments while only one
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was operational for the 1965 experiments. At a distance downwind of order 200 m
the plumes from these two stacks were observed on two occasions to touch
together. Upon an analysis of the photographs of these plumes, there was no
discernible change in the rate of plume rise at or near where the two plumes
touched.

A more detailed description of the experimental technique and equipment may
by found in a report of limited circulation (Slawson 1968).

Results

The source and environment data are summarized in table 1. The average air
temperature and gas exit veloeity (w,) for expts. 4-12 were 11:3°C and 21 m/sec
respectively. The flux of buoyancy in table 1 was calculated from F = w,R}b,
where the zero subscript indicates source (stack exit) parameters.

Figure e Ala)  4(b)  4(e)  A(d)  4(e) 4A(f) 4y 4() 4(k)
Expt. no. 12 9 10 6 5 4 11 7 8

Wind speed at plume 11-58 872 914 10-3 9-60 997 957 609 634
height (m/sec)

Gustiness
Vertieal G, 0-085 0-074 0-133 0-092 0-071 0-040 0-117 0062 0-074
Horizontal @, 0-270 0280 0-310 0-33 0-270 0-285 0-290 0-140 0-280

Temperature dif- 1050 1027 967 995 987 1032 980 1000 1093
ference between
stack gas at exit and
ambient air AT (°C)

Mass flow of gas Mg 192 192 193 193 194 1-89 1-89 193 1.92
(kg/h x 10)

Buoyant acceleration 3-54 3-51 3283 344 338 363 329 357 384
at chimney exit b,
(m/sec?)

Flux of buoyancy at 667-1 6550 610-1 631-7 627-4 642-9 6067 6584 7215
the chimney
F (m¢/sec®)

Tasre 1. Lakeview generating station—plume rise observations

In one experiment (no. 12) the temperature distribution was neutral to 300m
and very probably above. The observed plume is shown in figure 4 (a) together
with the temperature profiles. This plume behaves very much as the 1965
‘neutral’ plumes, consisting of a £ power law initial phase and an adjoining linear
‘final’ phase, with little or no discontinuity in slope at the breakup point, which
may be interpreted to mean that no ‘intermediate’ phase was present. In the
1965 experiments a neutral stratification was inferred from circumstantial
evidence and this experiment supports that inference. More specifically, by
comparison with some other plumes discussed later a plume with these charac-
teristics seems to exist in a neutral atmosphere when environmental turbulence
is of relatively low intensity, as is also suggested by the theory above.
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An interesting contrast is provided by expt. 9, figure 4(b). On this day there
was a strong lapse near the ground to some 100 m, then a nearly neutral layer as
far as data show. One may expect strong thermal turbulence to have extended
into the near-neutral layer above the unstable layer. The observed plume shows
a very short £ power law region followed by a linear region of very low slope.
The sharp change in slope in the neighbourhood of #/l = 250 may be interpreted
as an ‘intermediate phase’ which should exist under the presumed high-
turbulence conditions. The short initial phase, the presence of an intermediate
phase, and the low final slope are all in accord with what theory suggests for the
case of high environmental turbulence level, in neutral surroundings.

More or less the opposite situation is shown by the temperature profile for
expt. 10, figure 4(c): near neutral from the ground to a short distance above
chimney-top (to 2/l = 50 or so), then moderately unstable, again neutral and
then strongly unstable above 300 m or so. The plume behaves initially very much
as in expt. 9: indeed to x/l = 750, the two plumes nearly coincide. Beyond this
distance, however, the instability of the ambient air becomes evident in the
plume of expt. 10 which embarks on something like an exponential rise until
it reaches the strongly unstable layer, where it presumably encounters a much
higher turbulence intensity. At still larger distances this plume should rise again,
but it becomes invisible.

A more clear-cut example of an apparently exponential rise is shown in
figure 4(d) (expt. 6). Prior to this rise the plume falls below the £ power law,
after making a fairly sudden turn, which suggests an ‘intermediate’ phase. No
data were available for the temperature gradient over most of the plume rise
in this instance.

The plume observed in expt. 5, figure 4 (e), is similar in general appearance to
that of expt. 10, showing a well-marked intermediate phase and a following
upward curvature. It is of some interest to compare this plume with one observed
2 years previously under very similar atmospheric conditions: the two plumes
are evidently almost identical. The temperature profile over the plume rise region
is unknown, but the strong scatter of lower level observations suggests high
thermal turbulence, as postulated for expt. 10. ’

The plume of expt. 4, figure 4(f), again behaves more or less as a neutral
plume, but the transition point is close to the source and there is a fairly sudden
change of slope, again indicating moderately high environmental turbulence.
No temperature profile is available for this case.

The plume in expt. (11) behaved as a neutral plume until it hit a well-marked
inversion indicated in the temperature profile figure 4(g), where the plume
levelled out.

The plumes in expts. 7 and 8 (figure 4 (k)) show behaviour known to be typical
of stable atmospheric conditions (see, for example, Briggs 1969), in that they
both fall below the § power law and level out. The temperature profile for expt. 7
is not available, but that for expt. 8 shows slight stability above chimney-top,
and rather more marked stability above 270m. The plume levelled out at 420 m
or so.

We may conclude that the mean path of hot chimney plumes in the ‘real’
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atmosphere can have a complex shape indeed. Some of the complexities are
clearly due to atmospheric inhomogeneities, such as inversion layers or strongly
unstable layers. It should be equally clear from the above, however, that the
influence of atmospheric turbulence on plume growth is also quite important
in determining plume path. An ‘initial phase’ theory can only account for some
of the simpler phenomena: the long-term behaviour of plumes is critically de-
pendent on the effects of environmental turbulence. The simple theory presented
above seems to provide a satisfactory framework for the understanding of much
fascinating complexity in plume rise.
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Ficure 4 (a) and (b). For legend see p. 48.
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Freure 4. Plumes observed under various atmospheric stability conditions. —- -,
2l = 23/}

Expt. no. ! (m) Date

(a) 12 0-429 19 May 1967
(®) 9 0-981 16 May 1967
() 10 0-999 17 May 1967
(@) 6 0-582 3 May 1967
(e) 5 O 0-62 2 April 1965

5 A 0-71 27 April 1967
() 4 0-649 24 April 1967
() 11 0-695 18 May 1967
(h) 7 X 2-89 4 May 1967

8 O 2-81 10 May 1967

Additional information for (e): symbols: O, A; cloud cover: 0/10, 6/10; ceiling height:
, 1219; mean wind direction: 346, 345; U (ft/sec) (m/sec): 9-8, 9-6; G,: 0-0789, 0-071;
G,: 0-2496, 0-27.
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