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Summary

The aim of this paper is to compare theoretical models with the observed behaviour of
the heavy gas clouds in the Phase I Thorney Island field trials for small times after release.
The approach we adopt is to divide the early-time motion into two phases: an initial
phase, in which the motion is a strong function of the release conditions, and a gravity-
spreading phase, in which motion is mainly horizontal and driven by buoyancy and the
mean ambient flow. The results of idealised computations and experiments modelling
these two phases are compared with the measurements and observations of the Phase 1
trials.

We find that in the initial phase, all the field trials are strongly buoyancy dominated,
and therefore, that the flow field due to the containment vessel has only a minor effect
on the initial motion of the cloud. The initial motion mostly consists of the generation of
a radially spreading vortex ring. We perform idealised calculations that predict the time
after release when this vortex ring is formed. In the gravity-spreading phase, we show that
conventional gravity current theory fairly accurately describes the motion. As the ring ex-
pands, it leaves mixed fluid behind so that by the end of the gravity-spreading phase a
fairly uniform well-mixed cloud remains. This is when ‘‘box-models” become the ap-
propriate description. We also consider the effects of shear in the mean wind profile on
the radially spreading gravity current. We show that shear is responsible for the upwind
current front having the shape of a thin wedge and the downwind front having a thick
shape with a nearly vertical leading edge. The behaviour of these two fronts explains the
elongation of the cloud along the mean wind direction.

1. Introduction

Typically for the first 30 to 60 seconds after their release, the heavy gas
clouds in the Thorney Island field trials dispersed under the action of the
mean wind and their own buoyancy forces. Over this period atmospheric
turbulence did not significantly affect their behaviour. This is the period we
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consider in this paper. In particular, we seek an understanding of the effects
of the release conditions used at Thorney Island on the subsequent disper-
sion of the heavy gas clouds. The approach we adopt, following [1], is to
divide the motion for small and intermediate times after release into two
phases: the initial phase, in which the motion is a strong function of the re-
lease conditions, and the gravity-spreading phase, in which the cloud spreads
over the ground as a gravity current and is advected by the mean wind. We
review the theories developed previously for these two phases and compare
them with the mainly visual observations of the Phase I trials at Thorney Is-
land.

2. The initial phase

As described more fully in [2] each experiment at Thorney Island was be-
gun by releasing 2000 m? of a heavy gas nearly instantaneously from an ap-
proximately cylindrical container into an ambient wind. The heavy gas was
usually twice the density of the surrounding air. The method for releasing
the gas was to bring the sides of the container (made of plastic sheeting)
rapidly to the ground with the assistance of elastic cords. This method was
successful in producing an unconfined cylinder of heavy gas momentarily at
rest in the ambient flow, Similar release methods have been used in the
earlier field tests at Porton Down, described in [3], and in wind-tunnel simu-
lations [4].

Immediately after the containment structure is removed, there are two
forces acting on the heavy gas cloud: the drag force associated with the mean
atmospheric flow around the containment structure and buoyancy force due
to gravity and the density difference between the cloud and the surrounding
air. An estimate of the relative magnitude of these two forces is given by a
Richardson number, defined as

Rio = goho/U} (1)

where go = g(po — pa)/pa is the reduced acceleration due to gravity, p, is the
initial density of the released fluid, p, is the density of the surrounding fluid,
h, is the intial height of the cloud, and U, is a characteristic mean velocity of
the ambient flow. For small values of this parameter, the motion is deter-
mined by the ambient flow and for large values by the buoyancy force.

For intermediate values of Ri, both forces will act simultaneously, but
following [5] we consider for simplicity the two limiting cases of very small
and very large Ri,. This allows us to identify the different physical mechan-
isms that determine the motion of the cloud. As it turns out, the Thorney
Island trials were all dominated by buoyancy forces in the initial phase, so
they in fact correspond to the large Ri, limit.

21Ri, €1
For small values of Ri,, the inital motion of the cloud is determined by
the vorticity in the flow remaining from the interaction of the mean wind
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Fig. 1. Flow around a surface mounted cube based on smoke patterns in low speed wind
tunnels: (a) plan view streamline pattern, (b) profile view streamline pattern, (c) profile
view velocity profile, from [6].

with the containment structure. More specifically the vorticity shed from the
structure and the ground before its collapse generates a flow that continues
after the collapse. This flow for Reynolds numbers realised in the Thorney
Island trials (Re ~ 10%) is quite complicated. An idea of the flow structure is
shown in the sketch in Fig. 1 (taken from [6]), which is based on observa-
tion of smoke patterns around surface mounted obstacles in low-speed wind
tunnels. From the plan view, note the existence of a region of recirculating
low-speed fluid directly downwind of the obstacle. Wrapped around the ob-
stacle and its wake is a horseshoe-shaped vortex. This vortex begins upwind
of the obstacle and its two legs trail downwind along the edges of the wake.
Surface roughness or atmospheric turbulence can disrupt these structures so
that they do not persist much beyond the downwind end of the recirculating
region. From the side view, note that the flow accelerates over the top of the
obstacle, reducing the pressure there, and attaches downwind.

A rough idea of what happens when the gas cloud is released in such a
flow is illustrated in Fig. 2. The first sketch (Fig. 2a) shows the flow around
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Fig. 2. Three-quarter view sketch of a column of gas at rest released in a cross flow: (a)
before release, (b) just after release.

the containment vessel before it is removed. We have indicated in the sketch
that the highest pressure is on the upwind side of the structure and the
lowest pressure regions are on the two crosswind sides of the container. The
pressure downwind is slightly less than the upwind pressure but greater than
the pressure on the crosswind sides of the cylinder. The cloud just after re-
lease is sketched in Fig. 2b. The cloud spreads mostly in the crosswind direc-
tion, into the lowest pressure region. As it spreads in this direction, the sur-
rounding flow tends to wrap the cloud around the recirculation region
forming a horseshoe-shaped cloud when viewed from above. This description
applies only to small Ri, releases, for large Ri, releases (as described in the
next section) the cloud rapidly slumps to the ground with little influence
from the surrounding flow.

Because the flow pattern around the containment structure is so com-
plicated, it is difficult to determine in detail how the fluid in the recirculat-
ing region downwind, and the fluid contained in the structure accelerate
after its removal. However, the essential features of the motion may be de-
duced from some idealised calculations. Consider a cylinder of neutrally
buoyant fluid released instantaneously into a flow that is uniform far up-
wind. The potential flow calculation of this two-dimensional problem was
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done numerically in [5] using a vortex-sheet method. Of course, the poten-
tial flow around a cylinder has no wake downwind of the cylinder. More
recently, Rottman et al. [7] have used a vortex-in-cell method to compute
numerically both the potential flow problem and the problem with a wake
downwind of the cylinder (at a maximum Reynolds number of 500). In this
latter calculation, the vortex-in-cell method was used to first compute the
flow around the cylinder and then to compute the flow after the cylinder
wall is removed.

Figure 3 shows the computed shapes of the released fluid for several times
after release, as computed by the vortex-in-cell method, for both the case of
potential flow and the case with Re = 500. In the potential flow calculation
(Fig. 3a), the released fluid first elongated in the crosswind direction and
then quickly rolls-up into a pair of counter-rotating vortices. Eventually
(t =~ 8ro/U,, where ry is the initial cylinder radius and U, is the uniform
speed of the ambient flow far upwind) the vortex pair forms a closed cell of
fluid with approximately twice the area of the original cylinder. In the case
with Re = 500 (Fig. 3b), a similar horseshoe-shaped contour is formed soon
after release, but the contour never closes to form a closed cell of fluid. Ap-
parently the released fluid is prevented from closing by the fluid that was in
the wake downwind of the cylinder. Instead the released fluid is drawn out
into a thin horseshoe shape, which if any turbulence were present would be
broken up and dispersed.

Figure 4 is a plot of the computed speeds of the centres of mass of the
released fluid for the two cases. In the potential flow case the speed increases
to an approximately constant value of 0.8 U, in a time ¢, = 2ry/U,, whereas
in the case with Re = 500 the centre of mass accelerates more slowly but
eventually attains the higher speed U, in a time t, = 5ry/U,. For Ri, < 1, we
define the end of the initial phase as the time ¢,.

The laboratory experiments reported in [7] generally agree with the cal-
culations for Re = 500, the same value for Re at which the experiments were
made. The Reynolds numbers in the Thorney Island trials are, of course,
much greater than 500, so the structure of the wake behind the containment
structure is significantly different than in the calculations and in the labora-
tory experiments. In addition, the values of the Richardson numbers of the
Thorney Island trials, except for Trials 1—4, are much too large for our low
Richardson number description to be appropriate.

Neutrally buoyant fluid was released as a test of the equipment in Trials 1
and 2, and although no measurements were made, some video records were.
The horizontal cross-section flows approximately correspond to the flow in
Fig. 3 where the release structure has a downwind wake. It is interesting to
note that these neutrally buoyant gas clouds actually lifted off the ground
after release, appearing as if they were positively buoyant. This behvaiour is
explained by considering the flow over the top of the containment structure.
Since the flow is accelerated over the top, the pressure is decreased there
causing the released fluid to initially rise.
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(a)

Fig. 3a. Computed shapes of a cylinder of fluid at rest released instantaneously in a uni-
form flow for the case of potential flow (Re = o), from [7]. The right-hand column in
each figure shows the motion of the vortices on the edge of the released fluid over one
time step. The left-hand column shows contours of concentration of particles marking
the released fluid. The numbers indicate the time after release, non-dimensionalised by
ro/U,.

The salient features of the types of motion we have been discussing here
can be seen in a few of the large-Ri, Thorney Island trials, even though Ri, is
large. As the dense cloud collapses downwards some mixing occurs, which
leads to a small amount of the heavy fluid being left behind in the upper part
of the region originally occupied by the cloud. This remaining fluid is quite
dilute, and if the wind is strong enough a vortex sheet forms round this top
section of the cylinder, which leads to it being carried downwind, above the
main part of the cloud and rolling up into vortices. The best visualisation of
this effect was obtained during one of the Phase II trials (Trial 24), because
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(b}

Fig. 3b. Computed shapes of a cylinder of fluid at rest released instantaneously in a uni-
form flow with Re = 500, from [7]. See also caption to Fig. 3a.

for some reason the smoke in the cloud initially occupied only the upper
half of the containment vessel, making it easier to see the motion of the
upper parts of the cloud from an overhead view. Figure 5 is an overhead
photograph from Trial 24 that clearly shows the horseshoe-shaped structure
(which has nothing to do with the horseshoe vortices generated by incident
shear flow). This effect has also been observed by Hall [4] in regard to his
wind tunnel simulations. His measurements show that the fluid transported
downwind in the way we have described here is much less dense than the
bulk of the cloud.

2.2Riy>» 1
For large values of Ri, the cloud collapses symmetrically to the ground
under its own buoyancy forces and the flow around the containment struc-
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Fig. 4. The computed speeds of the centres of mass of a cylinder of fluid at rest released
instantaneously into a uniform flow for the two cases: potential flow (Re = «~) and flow

with Re = 500, from [7].

Fig. 5. An overhead photograph taken 4 seconds after release during Trial 24. The horse-
shoe-shaped cloud of dilute gas is clearly visible above the bulk of the heavy cloud.
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ture does not significantly affect the motion. As the cloud collapses, it
spreads radially. The fluid in the cloud accelerates as it spreads radially ex-
cept for the fluid near the current front. The front is inhibited from moving
as fast as the following current of heavy fiuid because it effectively expe-
riences a ‘“‘drag”’ caused by the inertia and shear stresses involved in accelerat-
ing the surrounding fluid. The net effect is the concentration of most of the
heavy fluid in a narrow expanding ring. Note also that as the cloud collapses,
vorticity is generated at the interface between the heavy fluid and the sur-
rounding fluid (Fig. 7) which is then concentrated in the narrow expanding
ring. Therefore, the ring is actually an expanding vortex ring, similar to a
vortex ring that is approaching a wall. The time after release at which this
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Fig. 6. The computed current depth profiles for the ‘“dam-break” problem for several
times after release: (a) plane flow, (b) axisymmetric flow.
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vortex ring is established is what we define to be the end of the initial phase
for large Ri,.

The hydraulic calculations performed by Rottman and Simpson [5] of
the “dam-break” problem give an estimate of the time after release at which
the vortex ring is formed. The results of these calculations for the cross-
sectional shape of the collapsing cloud for both plane and axisymmetric flow
are shown in Fig. 6 for several times after release. In contrast to the plane
flow case (Fig. 6a), the heavy fluid in the axisymmetric case (Fig. 6b) is
mostly concentrated in an outer ring in a time ty, ~4—6 ro/(g¢ho)", which
for the Thorney Island trials is about 4—6 seconds. These calculations are
approximate, as they do not account for mixing between the two fluids nor
are they able to describe the strong vortex motion at the current front.
Nevertheless, they provide an approximation of the bulk motion of the
cloud and have been shown (for example, {8]) to be very useful in predict-
ing gravity current spreading rates. Measurements from the overhead and
sideview video records of the Phase I trials taken with a stopwatch give fairly
consistent results with t, ~ 6 or 7 seconds for most of the trials, in good
agreement with the numerical calculations. We note that the time required
for the containment structure to be removed (=2 seconds) is less than but
comparable with ty,.
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Fig. 7. Profile view sketch of a heavy gas column collapsing in still air, showing the gen-
eration of vorticity at the edges of the cloud.

The hydraulic calculations, which ignore vertical accelerations, cannot
account for the observed strong vertical motion at the current front. The
vorticity in this motion is generated at the edges of the cloud as it collapses
vertically, as sketched in Fig. 7. Therefore, the scale and intensity of the mo-
tion in the spreading current front is determined by the initial height of the
cloud. If the initial height of the cloud is greater or comparable to its initial
diameter, then the could will be substantially mixed in the early stages of
collapse. Thus, we would expect the dispersion of an initially tall and thin
cloud to be more well mixed than an initially low and wide cloud. The re-
leased cloud in all the Thorney Island trials had an initial height comparable
to its diameter, so that the initial mixing is significant in these trials. There is
some evidence [9] that low, wide clouds may produce multiple concentric
rings or concentric waves which may enhance mixing in these cases. But we
have no clear explanation for these rings at the moment.
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3. The gravity-spreading phase

As described in the previous section, buoyancy-dominated releases form a
radially expanding vortex ring which contains most of the heavy fluid. When
the ambient wind is small, this ring continues to -expand nearly axisym-
metrically. Vortex stretching tends to stabilize the ring and so the structure
stays fairly coherent until sufficient energy is dissipated that the flow cannot
be maintained. When this happens, the ring collapses. Since the expanding
vortex ring leaves fluid behind as it grows, the heavy gas cloud has a roughly
uniform mean concentration distribution, similar to that assumed in the
commonly used box models of dense gas dispersion. )

An estimate of the time £, when the vortex ring collapses can be obtained
from the numerical hydraulic calculations in {10]. Taking the time when the
backward facing hydraulic jump disappears as the time when the ring col-
lapses, we find that ¢, ~ 10tp, or about 60 seconds for most of the Phase I
trials.

The time ¢, for the Phase I trials was measured approximately from the
video records using a stopwatch. We found that . is strongly dependent on
the wind speed and also therefore on the wind shear and the intensity of the
atmospheric turbulence. At low wind speeds, such as in Trials 7, 8 and 9, we
measured t. ~ 45 seconds, whereas at higher wind speeds we estimated
te ® 20 seconds. Our theoretical predictions are in fairly good agreement
with the low wind trials, but clearly in the high wind cases other mechanisms
have to be considered.

As the vortex ring expands, the heavy gas is mixed with the surrounding
air much in the way described by Britter and Simpson [11]. This mixing
leaves a layer of well-mixed gas behind the expanding ring that overlays a
very thin layer of heavy gas. Therefore, at the time ¢, when the vortex ring
collapses, a fairly uniformly shaped, well-mixed cloud is left. This is the time
at which “box models” become the appropriate description of the cloud.

3.1 Gravity spreading in an ambient flow

In a strong wind the cloud, after the initial collapse, is observed to elon-
gate along the mean wind direction. It is observed that the upwind and
downwind fronts move at different speeds and that the structure of these
fronts is different. The upwind front is thinner and more wedge-shaped than
a front moving into a fluid at rest and the downwind front is thicker and has
a less distinct upper interface. These differences can be seen in the photo-
graph of Trial 8 in Fig. 8, in which the upwind front is on the right-hand side
of the photograph and the downwind front on the left-hand side.

Gravity current fronts moving in head or tail winds have been studied in
the laboratory by Simpson and Britter [12]. They found that their labora-
tory data as well as the available atmospheric data are described by the em-
pirical formula

Us/U, = 0.91 + 0.62 U/U,
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Fig. 8. Profile view photograph of Trial 8 at 18 seconds after release. The upwind front at
the right is wedge-shaped, as in Fig. 9a and the downwind front at the left is nearly ver-
tical, as in figure 9c.

where Ut is the front speed, U is some mean wind speed, U, = (g'h)*, g’ is
the reduced acceleration due to gravity, and h is the thickness of the gravity
current. If the ambient wind simply advected the gravity current, with no
changes to the structure of the front, the coefficient of U/U, would be
unity. Clearly, we conclude that the wind affects the front structure and
consequently the front speed relative to the wind.

Shadowgraphs from [12] of laboratory gravity currents in uniform, head-
wind and tailwind flows are shown in Fig. 9. Sketches of the velocity pro-
files for the different ambient flows are shown on the left of the figure. The
structure of these laboratory current fronts compare qualitatively quite well
with the upwind and downwind fronts in Fig. 8. It was observed in the expe-
riments that the stability of the fronts were quite different. The upwind
front appeared to be fairly stable with much less mixing than a front moving
into a uniform flow, and the downwind front appeared less stable with more
mixing. These different mixing characteristics of the two probably account
for their different speeds relative to the wind.

By a simple idealised analysis, we can show that the different front shapes
might also be caused by shear in the ambient wind. Our inviscid analysis,
which is described in detail in the Appendix, is basically the same as von
Karman’s [13] theory for the shape of the leading edge of the front except
that we include the additional possibility of shear in the approach flow. The
theory of von Karman predicts that a two-dimensional gravity current that
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Fig. 9. Shadowgraph of two-dimensional gravity current heads: (a) in a headwind (posi-
tive shear), (b) in uniform flow, (¢) in a tailwind (negative shear). The sketches at the left
indicate the shear profile relative to the front in each case. From [12].

propagates steadily into a fluid at rest has a leading edge that encloses an
angle of 60°, as sketched in Fig. 10a. With shear in the approach flow, our
analysis shows that the leading edge is either thinner or thicker than the no-
shear solution depending on the type of shear. In a reference frame in which
the gravity current front is at rest, the front is thinner if the oncoming flow
increases with height above the ground (as sketched in Fig. 10b) and is
thicker if the oncoming flow decreases with height (as sketched in Fig. 10c¢).

We are concerned here with how well the clouds in the Thorney Island
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60°
(c)
Fig. 10. Sketch of a steady two-dimensional gravity current front moving into different

shear flows in a reference frame in which the front is at rest: (a) uniform ambient flow,
(b) headwind, (c) tailwind.

trials conform with the above empirical formula. To do this we estimated the
upwind and downwind front speeds from the tracings [14] of the overhead
photographs of the Phase I trials.

Figure 11 is a typical tracing (the particular case shown is Trial 14) at
some time after release. The visible outline of the cloud is marked by a heavy

wind
direction

downwind

front s
Ve
7~

centroid — . */
e

upwind

front
Fig. 11. Cloud outline traced from overhead photograph of Trial 14 at 25 seconds after
release.
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black line, the release centre by a black dot, and the centre of gravity of the
cloud by a +. A dashed straight line through the release centre and the centre
of gravity is nearly parallel to the mean wind direction. We define the
upwind front as the intersection of this dashed line with the cloud outline on
the upwind side of the release centre, and similarly we define the downwind
front as the intersection on the downwind side. In this manner, the distances
of the upwind and downwind fronts from the release centre were measured
from each frame of the overhead photographic record.

Figure 12 is a plot of these front positions as well as the centroid positions
as a function of time after release for Trial 8. This plot is typical of all the
plots of this type that we made and they lead to a number of interesting con-
clusions. The clouds always begin by collapsing symmetrically, which is evi-
dence for the strongly buoyancy dominated character of the initial phase of
collapse. But in a time dependent on the strength of the wind the upwind
and downwind fronts attain different constant speeds, the upwind front
travelling more slowly. Eventually, the upwind front comes to rest and seems
to remain stationary, probably being eroded from the top. Once the upwind
front comes to rest, the centroid attains a fairly uniform speed in the down-
wind direction.
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Fig. 12. Plots of the positions of the upwind and downwind fronts and the cloud centroid
as functions of time after release, for Trial 8.

[5,]

We estimated the speeds of the upwind and downwind fronts by fitting
straight lines to the plots of their positions versus time and measuring the
slopes of these lines. Figure 13 is a plot of the speeds so attained versus the
mean wind speed at 10 m above the ground. Also plotted is the line repre-
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Fig. 13. A plot of the upwind and downwind front speeds as functions of the mean wind
speed at 10 m above the ground. The numbers next to each data point identify the trial.
The solid line represents the empirical formula developed in [12] and the dashed line is
a straight line with unit slope.

senting the emprical formula. The agreement is acceptable; the data are cer-
tainly better correlated by this formula than by the naive theory with unity
slope (represented by a dashed line in the plot).

4, Conclusions

In comparing some idealised models of the initial and gravity-spreading
phases with the Phase I trials at Thorney Island, we can draw a number of
conclusions about the effects of the particular initial conditions used in the
field trials. First, the Phase I trials, except for the first four test trials, were
all strongly buoyancy dominated. Because of this, the primary mixing
mechanism in the initial phase is the formation of a radially expanding
vortex ring. We have given an explanation for how this ring forms and time
scales for its formation. The structure of the cloud, and hence the initial
dilution, is strongly dependent on the aspect ratio of the initial cloud. The
strength and width of the ring scale on the initial height. So, the Thorney Is-
land trials with a unity aspect ratio cloud is much more mixed, initially, than
a low, wide cloud. We have also given an estimate of when “box-models”
become the appropriate description of the cloud.

The gravity-spreading phase seems to be well described by standard gra-
vity current theory. We have shown that shear in the mean ambient flow
plays an important role in determining the amount of mixing in the gravity
current fronts and in determining the different speeds of the upwind and
downwind fronts.
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Appendix

Here we give a mathematical treatment of the shape of a gravity current
front that is moving into a shear flow. In a coordinate system fixed with the
front of the current, the upwind flow is U = U, + wy, as sketched in Fig. 14a.
Then we consider the solution of the equations

Vi, =0, Vi, =-w,

where ¢ ,, §, are the stream functions in the current and outside the current,
respectively, and w is the vorticity in the external flow. The kinematic
boundary conditions are

v.=0 onf =1

Vv,=0 onf =0
Vi=y¥,=0 onb =064(r)
where 04(r) describes the interface between the current and the external
flow. On this interface we also have the dynamic boundary condition

1 ) 1p
5 W+ o) - gys =5~ (ut + o),

U= Ug+ wy
w>0 w<0
\ \

{a)

/unstable (w< 0}

(b)

Fig. 14. Inviscid analysis of the shape of a gravity current front moving into a shear flow:
(a) co-ordinate system, (b) computed shapes for the two cases of the current moving into
a head wind (w > 0) and into a tail wind (w < 0).
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where u, v are the horizontal and vertical velocities and y is the vertical coor-
dinate.

We seek solutions that are valid near the front of the gravity current and
so take w to be constant and expand ¢/ ,, ¥, and 8¢ in power series in r. Sub-
stituting these expansions into the governing equations and choosing the
solutions that satisfy the boundary conditions to O(r?) we find

21 s ol
0r) = 3 8 gy

v1=0
V2= -Lewri(1 - cos 20) - 2(3) ¥ ()% r¥2 sin (30) + 2% 12 sin(26)
277y 2 4/3

The solution for 6¢r) shows that when w > 0 (headwind) 8r) increases
with r away from the potential flow solution (6 ;(r=0) = 27/3) and for w < 0
(tailwind), 84(r) decreases with r. This implies that a gravity current front
moving into a headwind with shear is thinner than without shear and con-
versly a front moving with a tailwind with shear is thicker. These different
cases are sketched in Fig. 14b.



