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� Chlorine concentrations observed during two field experiments with releases of several tons are analyzed.
� The 1927 Lyme Bay and the 2010 Jack Rabbit I field experiments are studied.
� Normalized concentrations Cu/Q decrease with distance as x�1.5 to 200 m and as x�2 from 200 m to 3 km.
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a b s t r a c t

As part of planning for a series of field experiments where large quantities (up to 20 tons) of pressurized
liquefied chlorine will be released, observations from previous chlorine field experiments are analyzed to
estimate the ranges of chlorine concentrations expected at various downwind distances. In five field
experiment days during the summer 2010 Jack Rabbit I (JR I) field trials, up to two tons of chlorine were
released and concentrations were observed at distances, x, from 25 to 500 m. In the 1927 Lyme Bay (LB)
experiments, there were four days of trials, where 3e10 tons of chlorine were released in about 15 min
from the back of a ship. Concentrations were sampled at LB from four ships sailing across the cloud path
at downwind distances in the range from about 350 to 3000 m. Thus, the distances from which JR I
concentrations were available slightly overlapped the LB distances. One-minute arc-maximum chlorine
concentrations, C (g/m3), were analyzed from four JR I trials and two LB trials. Normalized concentrations
(Cu/Q) were plotted versus x (m), where u (m/s) is measured wind speed at heights of 2e10 m and Q (g/
s) is continuous mass release rate. It is found that the JR I and LB Cu/Q observations smoothly merge with
each other and fall along a line with approximate slope of �2 at distances beyond about 200 m (i.e., Cu/Q
is proportional to x�2). At x < 200 m, where dense gas effects are more important, the slope is less
(about �1.5). Most of the data points are within a factor of two of the “best-fit” line.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

When large amounts (on the order of 10 tons) of chlorine are
released to the atmosphere as a result of railcar accidents or other
causes, there is a need to inform emergency responders of the
expected magnitude and extent of the hazardous chlorine cloud.
Dense gas dispersion models and/or results of field experiments
can be used to guide this decision process. Because of the obvious
. Hanna).
hazards, there have been very few field experiments carried out
where the mass of chlorine released was more than about one ton.
Model simulations are uncertain because of several physical and
chemical complications such as accounting for the time-dependent
two phase chlorine releases with significant rainout of aerosol
drops, the dense gas slumping, the evaporation effects, and the
chemical reactions and deposition. Hanna et al. (2008) showed that
the predictions of six widely-used dense gas models agreed fairly
well with each other (all within a factor of plus and minus three at
any given downwind distance out to 20 km) for three major chlo-
rine railcar accidents (Festus, Macdona and Graniteville). However,
no chlorine concentration data were available at these sites, and a
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discrepancy existed because, although the predicted concentra-
tions indicated significant health effects at distances out to 10 km,
there were casualties only in the near field. As mentioned above,
there are several possible causes for the discrepancies, and they are
the subject of current research.

Thus the Jack Rabbit I (JR I) field experiment was conducted in
2010, with one and two ton releases of pressurized liquefied
chlorine, and concentration measurements out to distances of
500 m (Fox and Storwold, 2011). Hanna et al. (2012) and Bauer
(2013) analyzed the JR I concentration observations and Hearn
et al. (2013) analyzed the deposition observations. The Jack Rab-
bit II (JR II) field experiment is planned for 2015e2016 with larger
releases of chlorine (as much as 10 tons). To aid in planning the
siting of JR II concentration monitors, a search was initiated for
additional chlorine field observations for very large mass releases.
The major additional chlorine field experiment resource in the
literature is the Lyme Bay (LB), England, data archive (Wheatley
et al., 1988). The current paper focuses on the combined analysis
of the two field data sets. There are two major objectives: 1)
Determine whether normalized observed chlorine concentrations
at JR I and LB agree; and 2) Determine whether the observed
normalized concentrations (e.g., Cu/Q) follow expected power laws
with distance, x, where u is wind speed and Q is mass release rate
(e.g., see Britter and McQuaid, 1988).

2. Description of two field experiments involving chlorine
releases

The 1927 Lyme Bay (LB) and 2010 Jack Rabbit I (JR I) chlorine
field tests are described. The emphasis of this paper is on the
maximum concentration observations at any distance arc and their
variation with downwind distance, because that information is a
primary need of decision-makers and emergency first responders.
Details of the geographic position of the cloud and its lateral spread
are also needed but those parameters could not be precisely
measured during the field experiments.

2.1. Lyme Bay

The LB chlorine field experiments were carried out in May, 1927,
by the UK Chemical Defense Establishment (CDE, 1927), at Lyme
Bay (off the southern coast of England). At the time the concernwas
driven by the possible use of chlorine as a chemical weapon (see
Marshall, 1989, for analysis of gas attacks in World War I). The CDE
(1927) report, which focusses on describing the gas sampling, had
very limited distribution. That report was reviewed by the UK
Health and Safety Executive (HSE) scientists in the mid-1980s and
used by Wheatley et al. (1988) to test several dense gas models.

There were four daytime field trials where about 3e10 tons of
chlorinewere released in 15min from cylinders on a ship deck, over
water (Lyme Bay) several km from shore. Sampling was done from
four moving submarines steaming roughly perpendicular to the
expected plume at distances from about 350 m to 5 km from the
source ship. The releases were doped with chlorosulphonic smoke
to make them visible. Details of the source methodology are not
available (e.g., tank pressure and temperature; hole size, shape, and
location on tank). Weather observations were available from the
source ship, the four submarines, a “weather ship”, and coastal land
sites. Reported wind speeds are from a height of about 10 m. Each
moving submarine had five sampling stations at z ¼ 3e9 m above
sea level. There was a lack of significant variation of observed
concentration (C) with height in this shallow layer at the downwind
distances (ranging from a few hundred m to a few km) where
samples were measured.

Concentration measurements were based on bubbling sampled
gas through a chemical mixture and subsequent analysis of that
mixture. Accuracy of the observed concentrations was estimated by
HSE to be 20%. Listed observations are a) averages over the five
samplers and the sampling time (about 15 minwhile in the plume)
and b) peak one-min average C. The latter was used in the com-
parisons with JR I. Distance x is the average for a moving ship and
trial. The peak (max) one min C observed along the farthest arcs
during each trial are:

Trial III (u ¼ 3.1 m/s), C ¼ 8 ppm at x ¼ 1032 m

Trial IV (u ¼ 2.5 m/s), C ¼ 8 ppm at x ¼ 1320 m

Trial V (u ¼ 4.1 m/s), C ¼ 12 ppm at x ¼ 2896 m

Trial VI (u ¼ 3.6 m/s), C ¼ 111 ppm at x ¼ 1416 m

Thus the max one-min C is observed to be between 8 and
111 ppm at downwind distances from about 1 to 3 km. This is for
total chlorine mass released ranging from 3.2 to 10.4 tons.

The observations from the last two Lyme Bay field experiments
(Trials V and VI) are said byWheatley et al. (1988) to bemuch better
than the first two because the procedures improved over the course
of the experiment. Therefore, Trials V and VI are used in Section 3
for comparisons with JR I observations and for development of
scaling relations.

2.2. Jack Rabbit I

One or two tons of pressurized liquefied chlorine were released
at about 7 am on each of five JR I trial days in summer 2010 at
Dugway Proving Ground, Utah, USA. The experiment is described
by Fox and Storwold (2011), and three journal articles have been
published on the JR I data analysis (Hanna et al., 2012; Hearn et al.,
2013; and Bauer, 2013). The Hanna et al. (2012) article focusses on
the concentration observations used in the current paper. JR I was
intended to address worst case conditions related to pressurized
liquefied chlorine releases from railcars and trucks. Thus the hole in
the tank was at the bottom and the release systemwas designed so
that no flashing occurred before the chlorine exited the hole. The
initial jet pointed downwards and a terrain depression (2 m deep
with radius 25 m) surrounded the release, so as to minimize initial
transport and dispersion away from the source. The field experi-
ments took place at dawn, when the ambient atmosphere was still
stable, again minimizing ambient dispersion. Once the chlorine
cloud was transported or dispersed out of the initial depression,
though, its subsequent transport and dispersion was over a flat
desert surface. Real-time fast response chlorine concentration
samplers were located on arcs at distances 25, 50, 100, 300, and
500 m from the source. The 25 m arc was at the top of the edge of
the depression. Because limited numbers of samplers were avail-
able, the samplers were sparse at the farther arcs (100 and beyond).

For the current analysis, the four chlorine trials (numbers 5, 6, 7,
and 8) with 2 ton releases are used. Trial 2, with one ton released,
was called a “pilot trial” and is not used in the current analysis. It
was intended primarily to test the samplers and other instrumen-
tation and improve themethodology for later trials. The peak (max)
one-min averaged concentrations on several JR I downwind arcs
(25, 50, 100, 300, 500 m) are used for comparison with Lyme Bay.
The wind speed used in our analysis was measured at a height of
2 m. The chlorine release occurred at a hole in the bottom of the
tank, about 1 m above ground (e.g., see Fig. 1, where the release
took place during a low wind (0.6 m/s) speed period and hence the
dense momentum jet spreads out nearly uniformly in all di-
rections). The two-phase jet lasted for about 30e60 s (until most of



Fig. 1. JR I Trial 2 at 22 s. One ton chlorine release with u ¼ 0.6 m/s.
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the pressurized liquefied chlorine was released).
Because there was a 50 m diameter, 2 m deep depression dug

around the source location (see Fig. 1), the dense chlorine cloud
tended to persist in the depression during trials with wind speeds
less than about 2 m/s. Chlorine gas was detrained from the surface
of the cloud in the depression, and Hanna et al. (2012) showed how
the time to detrain most of the chlorinewas a function of the excess
density in the cloud and the cube of the wind speed. This time was
as much as 10 min for these four JR I field trials. Thus in our analysis
in the next section, where the rate of mass release, Q, is used, that
rate equals the total mass (2 tons) divided by the total duration of
the release, td, which equals the sum of the time duration of the
high-momentum two-phase release, plus the time duration of the
subsequent release due to detrainment from the cloud in the
depression.

3. Analysis of observations

As stated earlier, the current analysis focusses on the observa-
tions at LB and JR I. There have been several dense gas dispersion
models previously applied to the two databases (e.g., see Wheatley
et al., 1988 and Ziomas et al., 1989 for LB, and Hanna et al., 2012 and
Bauer, 2013 for JR I) but no models will be evaluated here. Our
primary objective is to use the field experiment observations to
estimate the downwind chlorine concentrations expected during
the JR II field experiment, where the release masses will be 5e10
tons and the sampler arcs will extend from 25 m to 11 km. Another
objective is to provide a table of LB and JR I data that is sufficient to
be used by others to develop and evaluate models.

Table 1 contains the LB and JR I field experiment observations
that have been analyzed here. We have followed Britter and
McQuaid's (1988) suggested approach of first defining appro-
priate ways to scale the observations (i.e., use basic physics insights
to generate dimensionless groups from the major parameters). For
analyzing cloud transport and dispersion, the dimensionless groups
depend on whether the cloud can be considered continuous or
instantaneous (puff). The major difference between the two is that
the puff is affected by along wind dispersion in the upwind and
downwind directions. If the release is continuous, then the mass
release rate (Q in mass per unit time) and the downwind distance x
are used as fundamental parameters. If instantaneous (puff), then
the total mass released (Qt in mass) and the travel time, tt ¼ x/u, are
used. In both cases, the maximum one minute (max one min)
average concentration C (mass per unit volume) and the wind
speed u are used as fundamental parameters. As Britter and
McQuaid (1988) show, the choice of continuous or instantaneous
depends on the ratio of the travel time, tt, to the release duration
time, td. For the LB and JR I field data being analyzed, tt is always less
than td, implying that the cloud can be considered to be continuous.
Thus plotting of the dimensionless variable, Cux2/Q, versus x
should produce a universal curve. When logarithms of the variables
are plotted, power law relations are revealed as straight lines. In
Fig. 2, ln Cu/Q is plotted versus ln x. We also examined the
normalized formulas assuming an instantaneous release. In that
case, C/Qt is plotted versus tt, but the data points are more scattered
and do not fall along a universal curve as well as they do for the
continuous assumption. Note that the observed chlorine concen-
trations, C, are in units of ppm in Table 1. To produce the values of
Cu/Q for plotting versus x in Fig. 2, C (ppm) must be converted to C
(g/m3). This conversion could be done precisely for each field
experiment trial knowing the pressure and temperature, but these
details were not known for LB. We therefore assumed a simple
constant for the conversion, C (g/m3) ¼ 2640 C (ppm), as used in
Hanna et al. (2012).

The release duration time, td, was listed as 15 min (900 s) for LB
(Wheatley et al., 1988). Because no information is provided
regarding time variability, we assume that the emission rate was
constant over the 900 s. Thus, for LB, Q ¼ (release mass)/(900 s),
yielding Q ¼ 11,500 g/s for LB V and 7020 g/s for LB VI. For the four
JR I trials, calculation of td and Q are based on Hanna et al. (2012)
and are briefly described in the last sentence of Section 2 above.
Thus the JR I Q values range from 3030 to 35,088 g/s (see Table 1).

Prior to starting the analysis of Fig. 2, we recall (see Hanna et al.,
1996) that the formula Cu/Q ¼ A/x2 (where A is a “constant”) has
been shown to be a good approximation for non-dense plumes
released near the surface during the daytime at x < about 10 km.
This is an indication that both plume width and plume depth in-
crease in proportion to x. However, at small distances from the
source, where the dense gas slumping is significant and the cloud's
vertical dispersion is suppressed, Britter and McQuaid (1988) find
that the vertical rate of dispersion decreases and the power on x is
less (about 1e1.5). For the LB and JR I data in Fig. 2, the 1.5 power
provides a better fit at x < about 300 m.

The following formulas provide good fits for the Cu/Q versus x
observations in Fig 2 for the combined LB and JR I chlorine field
experiments.

For the near-field (25 < x < 280 m),

Cu/Q ¼ 6/x1.5 (1)

where C is in g/m3, u is in m/s, Q is in g/s, and x is in m. The
“constant”, 6, has units m�0.5 in eq. (1). It is not dimensionless
because our simplified analysis has not yet accounted for a
dimensionless group describing the density effects, such as the
initial cloud Richardson number, Rio ¼ (g(rc � ra)/ra)h/u*2, where g
is the acceleration of gravity, h is the initial cloud depth, u* is the
ambient friction velocity, and rc and ra are the initial cloud and
ambient densities respectively (see Briggs et al., 2001).

For 280 < x < 2900 m,

Cu/Q ¼ 100/x2 (2)

with variables in the same units as above. In this case the constant
100 is dimensionless, because the effects of increased cloud density
have become insignificant at distances beyond about 280 m.

In Fig. 2, 76% of the 26 points are within a factor of two of the
best fit line. At distances where there is some overlap of observed
concentrations from LB and JR I (at 300 m < x < 700 m), the
observed values of Cu/Q from the two field experiments also
overlap. In our analysis, we did not attempt to fit a single formula to
the data (i.e., possibly adding Rio). That type of analysis will take



Table 1
Lyme Bay and Jack Rabbit I chlorine release trails that were analyzed.

Field test Trial Qt total mass released (kg) Total released duration td (s) Q (g/s) u wind speed (m/s) x (m) C 1 min max ppm

LB V 10,350 900 11,500 4.1 725 238
1444 56
2173 28
2896 12

LB VI 6318 900 7020 3.6 354 476
709 159

1062 109
1416 111

JR 1 5 2000 240 8333 1.6 25 58,600
50 27,800

100 13,500
300 3410
500 2030

JR 1 6 2000 57 35,088 6.2 25 55,600
100 9780
300 1100
500 330

JR 1 7 2000 660 3030 1.4 25 67,120
50 25,700

100 6080
300 301
500 75

JR 1 8 2000 410 4878 1.2 25 58,200
50 24,100

100 8000
300 1060

Fig. 2. Lyme Bay and JR I observed ln Cu/Q versus ln x.
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place once we add the data from the AugusteSeptember 2015 JR II
field experiment to the LB and JR I data set.

As seen in Table 1, for the LB and JR I field data sets, the
maximum concentrations observed at the farthest distances
downwind were 12 ppm at 2896 m in LB trial V and 111 ppm at
x ¼ 1416 m in trial VI. In Fig. 2, the 12 ppm point is very close to the
line defined by Eq. (2), while the 111 ppm point is a factor of about
three above the line. This is also approximately the maximum
difference between the observed points and the line in the figure
and could represent the uncertainty range (about plus and minus a
factor of three). Applying the factor of three uncertainty to the
12 ppm point, we can say that observation could be as high as
36 ppm. Thus, for planning future experiments with this magnitude
release of chlorine, as a first estimate, the one min max
concentrations might be expected to be about 100 ppm at
x ¼ 1400 m and about 30e40 ppm at x ¼ 2900 m. This is based
entirely on available field observations of large releases of chlorine.

4. Further comments

We have shown that the observed concentrations from the LB
and JR I chlorine field experiments follow expected basic dispersion
relations and the normalized concentrations from both field ex-
periments form a smooth and consistent curve. Thus the observa-
tions that we report should be useful in others' dispersion model
development and evaluation efforts.

The LB experiments are the only previous chlorine field exper-
iments that we have discovered where the releases were the same
magnitude as planned for JR II (5e20 tons). Although the 1927 LB
observations lack information regarding the release conditions and
other details, at this time there is no one to ask about the missing
information. Moving ships are not the best platforms to measure
concentration distributions, and deposition of chlorine to the sea
surface is not measured or accounted for. Nonetheless, there is
striking agreement between the LB and JR I chlorine field experi-
ments at far different locations and separated by 83 years in time.

The JR I field experiments were carried out with downward
pointing flashing jets and an artificially built depression. Thus the
near-field cloud transport and dispersion are influenced by this
unique scenario. The effects of the initial scenario are likely less
important after the cloud passes the 50 m sampling arc in JR I. For
larger distances, the main effect of the depression is to increase the
time duration of the release (and thus reduce the effective
continuous release rate Q).

The LB observations extend out to 2900 m. Thus the x�2 power
law in eq. (2) is a good fit between distances of about 200e3000 m.
We note that, in field experiments with neutral gases, the vertical
dispersion eventually becomes constrained by the mixing depth, zi,
in the daytime, and a power less than 2 is found at distances past
about 10 km (Hanna et al., 1996). Typically zi averages about
1000 m.

All of the LB and JR I experiments took place in the daytime
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(either early morning or the middle of the day). At night, due to the
ambient vertical turbulence suppression, the vertical dispersion
would be further constrained. But due to the very hazardous con-
ditions associated with chlorine releases, the experiment planners
avoid nighttime releases.

Also, at larger distances, the time of travel, tt, of any cloud will
obviously be larger, and the cloud from a finite duration release is
eventually (as tt > td) going to behave like a puff rather than a
continuous plume, as suggested by Britter and McQuaid (1988) and
Hanna et al. (1996). With the addition of the along-wind compo-
nent of dispersion, the rate of decrease of concentration in a puff is
greater than that in a plume.
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