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Abstract

Water curtains have been suggested as a way of limiting the spread of ammonia in the event of an accidental release. Several
field experiments have already been performed to investigate the interaction between a water curtain and a cloud of ammonia, most
recently by Bara and Dusserre (1997,Loss Prev. Ind.10(3), 179-183). Those experiments have been modelled numerically,
using the computational code Mercure. The calculated velocities and concentrations agree reasonably well with the measurements.
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1. Introduction main objective of these experiments was to study all
stages in the dispersion of ammonia, over a flat terrain,
Ammonia is used in a wide range of industrial pro- from its release as liquified ammonia to a state of essen-
cesses, and it is commonly stored, in liquid form, under tially passive dispersion. This study is particularly con-
pressure, on industrial sites. It is also frequently trans- cerned with the use of a water curtain to modify the
ported by road and rail in pressurised containers. Theredispersion of ammonia. There have been several wind
are therefore many opportunities for accidental releasestunnel studies of the interaction between a dense gas
of ammonia, and such release can have very seriouscloud and an obstacle such as a fence (see Davies (1992)
consequences. Ammonia is a highly toxic gas, and for for an analysis of some of these experiments) and Papas-
an accidental release in the atmosphere, the safe concerpyros, Papanicolaou, Kastrinakis and Nychas (1996)
tration limit is likely to occur too far away from the report some wind tunnel studies of the effect of obstacles
source to permit direct intervention at the source. It has on the dispersion of ammonia. In particular, they con-
been suggested that vertical water curtains might be usectluded that the obstacle enhances the mixing and the dis-
to create ‘protected regions’ within the ammonia cloud persion of gas cloud. There have also been some field
to permit emergency services to approach the sourcestudies of the use of water curtains to limit the dispersion
much more closely, and to protect vital installations.  of various gases (e.g. Blewitt, Yohn, Koopman,
The atmospheric dispersion of ammonia has beenBrown & Hague, 1987), but as far as we are aware, the
studied extensively using both experimental and numeri- only field study of the use of water curtains with
cal approaches. Recently Nielsen et al. (1997) publishedammonia releases is that reported by Bara and Dusserre
a review of field experiments set up during the CEC (1997). The aim of their experiments was to study the
Environment project ‘Fladis Field Experiments’. The effect of a water curtain on the dispersion of a cloud of
ammonia gas, released upstream of the water curtain.
The water curtain modifies the dispersion in two major
* Corresponding author. Tel+ 33 4 72 18 63 03; fax:+ 33 4 78 ways. Firstly, the airflow transporting the ammonia must
33 1380. pass around or over the water curtain. This creates a



region in the wake of the water curtain which is largely ammonia in 2 min—so it can be assumed that the aerosol
protected from direct exposure to the gas cloud. Most of cloud did not have any significant initial momentum.
the transport into this region is by turbulent diffusion, The water curtain was located 8 m downwind of the
although, as we shall see later, it is possible for the meansource, and consisted of a horizontal water jet (at press-
streamlines to penetrate the region. The pollutant which ure of about 10 bar) which impacted on a vertical, semi-
does enter the wake region is then mixed rather uni- elliptical plate which deflected and dispersed the jet. The
formly throughout the region, by the recirculating flow resultant spray formed a water curtain in the shape of a
and the relatively high levels of turbulence, before leav- peacock’s tail.
ing into the external flow. The droplets in the water cur-
tain may contribute to a reduction in the ammonia con-
centration by absorbing ammonia vapour. 3. The numerical simulations
In order to assess the performance of the water cur-
tain, we need to know the extent of the region protected The calculations have been performed using the
by the water curtain, the likely ammonia concentration atmospheric boundary layer code Mercure (Batyal.,
within the protected region, and the typical ‘retention 1988), which is a 3-dimensional model, based on a
time’ of the pollutant in the protected region. Such quan- classical Navier—Stokes solver, with a standieré tur-
tities are extremely difficult to measure in full-scale bulence model. The program uses a structured grid; for
experiments, so a numerical model can provide a greatthese calculations we used a mesh with 65 points in the
deal of useful information. We have therefore used an streamwise direction, 27 points in the vertical and 61
existing computational code—Mercure—which was points in the transverse direction (see Fig. 1). This corre-
developed for the simulation of flow in the atmospheric sponds to a physical domain measuring 100 m long, 80
boundary layer (Buty, Caneil & Carissimo, 1988) to m wide and 40 m high. The ground is assumed to be
simulate four of the field experiments reported by Bara flat, with an aerodynamic roughness height of 1 cm; the
and Dusserre (1997). As a first approach we have mod-air temperature was fixed at Z0. The inflow condition
elled the water curtain as a solid, rigid obstacle having consists of a logarithmic velocity profile, with a turbu-
approximatively the same dimensions as those reportedence intensity of 25%. The pressure at the outflow from
for the water curtain. We have therefore ignored the the domain is imposed, and is set equal to the atmos-
possible absorption of ammonia by the water droplets in pheric pressure (pressure of the ambient air &tC20
the spray, the semi-porous nature of the water curtain,which follows the ideal gas law).
and any dynamic interaction between the water curtain  An important, and rather general, problem in model-
and the incident wind. So an important, additional ques- ling this type of flow is the representation of the water
tion concerns whether such a simplified model can rep- curtain. In reality, this consists of a rather thin sheet con-
resent a non-rigid, semi-porous structure such as a watetaining water droplets moving at high speed, which
curtain. In Section 2, we review the field experiments therefore acts as a porous screen. It has two important
briefly, and then, in Section 3 we describe the numerical functions; the upward momentum of droplets (and the
simulations. The computational results for the wind air that they entrain) acts as a vertical barrier to the flow,
velocities are presented and discussed in Section 4, fol-deflecting most it around the edges of the water curtain.
lowed by the concentrations in Section 5. The water droplets also play an important role in remov-
ing ammonia from the atmosphere, through the coalesc-

2. The field experiments

The field experiments were carried out at a test site I--

at Champelauson (Gard, France), and they have beer ---

described in detail by Bara and Dusserre (1997), so they ——

will only be summarised here. The test site is a large —E’

rgctangular area, yv!th a surface consisting prmmpglly of ;2%§§

dirt and gravel, giving an average roughness height of %?:O},;

about 1 cm. = N
The ammonia was stored as a liquid in a pressurised %ﬁ%ﬁiﬁ//é@ﬁi

bottle, and was discharged through the outlet valve at - ":1:'::'0

the top of the bottle as a jet. The bottle was inclined so
that the jet impacted on the ground; some of the
ammonia formed a pool on the ground, and the rest dis-

persed immediately, either as vapour or as aerqso_l._ Therig. 1. Schematic view of the water curtain and the computational
release rate was very low—about 20 kg of liquified mesh. For clarity only every other grid point is shown.



ence of droplets and the absorption of ammonia vapour.or whether the obstacle is enclosed in a single recircu-
These processes are essentially small-scale and rathdation ‘bubble’. Most measurements (e.g. Hosker, 1982)
complicated, and it is not possible to model them directly suggest that there will be no reattachment on the surface
in calculations of atmospheric boundary layer flows in of the obstacle ifL/H < 1 andL/W < 1. So we have
realistic, complex geometries. So one of the objectives compared our numerical results with data obtained for
of this work is to begin to consider how to model the obstacles with./H = 1 andL/W = 1.

effects of the water curtain in this type of calculation.
We have therefore begun with the simplest possible
approach; the water curtain is modelled as an imper-
meable barrier, with a slip condition for the velocity on

the faces. The experiments (Bara & Dusserre, 1997) g the main flow approaches the water curtain it
showed that the water curtain resembled a peacock’s tail,jecelerates in the streamwise direction and accelerates
we have therefore represented it as a semi-cylinder, withyertically and laterally, so as to pass round the curtain.
a radius of 10 m and a thickness of 60 cm. A standing eddy forms in front of the water curtain. This
is illustrated in Fig. 2 which shows some of the mean
o streamlines in a view looking downwind towards the
4. The velocity field water curtain. The spiralling pattern of the streamlines
) immediately upwind of the water curtain illustrates the
The flow around a bluff body in the surface boundary raiher complex structure of the upwind vortex, and sug-
layer is very complicated, and the_qletalled structure of gests that the vortex plays an important role in dividing
the flow can depend rather sensitively on parametersine oncoming flow into the fraction that passes round
such as the shape, size, porosity and orientation of theihe opstacle, and the fraction that passes over.
object. Hosker (1982) and Hunt (1984) provide compre-  preyious wind tunnel studies have shown that the size
hensive reviews of flow and dispersion round isolated 5, strength of the upwind vortex depends on the inci-
obstacles. However, theoretical st_udies of dispersion inyent velocity profile relative to the body height. Corke
turbulent flows around bluff bodies (e.g. Puttock & gnq Nagib (1976) conducted wind tunnel studies on
Hunt, 1979; Puttock, 1979; Hunt & Mulhearn, 1973) pjock-like obstacles in boundary layers with a range of
suggest that the cross-sectional area of the pollutanty;tferent power-law velocity profilesue<z"). For the case
cloud, and the concentrations, are determined mainly by josest to the one studied here £ 0.15) they found
the convergence and divergence of the mean streamlinesynat the upwind vortex extended to a height of about 0.6
and do not depend too sensitively on the structure of they  oyr numerical computations give a height of about
turbulence. Consequently, the quantities that are likely 0.65R (whereR is the radius of the water curtain) which
to be most important for a satisfactory prediction of pol- 5grees reasonably well with the experimental data, since
lutant concentrations will be the characteristic dimen- \ye can assume that our results should scalR mnmuch

sions of the separation regions upstream and downstreanie same way as those for a rectangular object scale
of the water curtain. on H.

Unfortunately, the velocity field around the water cur-
tain was not measured during the field experiments—the
only velocity that was measured was that of the incident
wind upstream of the water curtain, at a height of 4 m.
And since there do not seem to be any other published
data sets of the velocity field around a water curtain, we
have had to compare the results of our calculations with
data for the flow around solid obstacles. This means that
we have been unable to test our hypothesis that the watel
curtain can be modelled as a solid obstacle with a shear-
free surface.

Most of the available data for the flow around bluff
bodies are for objects for which the length (L) in the
streamwise direction, is of the same order as the height
(H) and width, (V). That is, the data have been obtained
principally for objects withL/H = 1. We have modelled
the water curtain as a rather thick ‘plate’, for whichH
~ 0.006. The ratid_/H is important in that it determines
whether the flow which separates upstream of the Fig. 2. visualisation of the mean strearnlines. View downwind,
obstacle reattaches on the top or the sides of the obstaclerpwards the water curtain.

4.1. Upwind separation




4.2. Obstacle wake U/Ux
2.0 T T

The flow passing over and around the obstacle separ-
ates, creating a region of recirculating flow in the wake
of the obstacle. If the obstacle is sufficiently short com- 2/R 10 L
pared with its height and widthL(H = 1 andW/H = ' e
1) then the length of the recirculation regidn)(meas-
ured from the upwind face of the obstacle, should be

1.0

relatively independent of. Huber and Snyder (1976) 0.0

7

_ 0.0 2, 30 4.0 0
measured., for a block-like structurel(/H = 1 andW/H ox/R s
= 2) and obtained.,/H ~ 2.5. They also found that the
maximum heightlf,) and half width (W) of the recircul- Fig. 4. Profiles of the mean horizontal velocity at several positions

ating region were about 113, and occurred at a distance downwind of the water curtain.

of about 1.5H downwind of the upwind face of the

obstacle. In these simulations, we obthjfiR ~ 2.8, and k/U.
W/R ~ 1.3, which agree reasonably well with meas- 20 *

ured values. ' ' '
The mean streamlines immediately downwind of the
obstacle are rather complicated; Fig. 3 shows a view

from downwind of the water curtain, looking upwind. z/R 10}
Immediately behind the obstacle there is a large semi-
toroidal vortex, which is visualised here as a surface of jﬁ
constant low pressure. This is consistent with other 0.0 L o/ 4/ L I ,
results which show the formation of a parallel pair of 0.0 1.0 20 3.0 4.0
vertical vortex tubes immediately behind sharp edged z/R
bluff bodies (Woo, Peterka & Cermak, 1977). Since such
structures cannot terminate in the fluid, they are there-
fore probably connected. The vertical nature of this large
structure is emphasised by the mean streamline that
enters the recirculation region close to the ground, andshown in Fig. 4. The profiles show clearly the region of
spirals round the vortex tube before leaving close to the reverse flow behind the water curtain, which extends to
top. This also illustrates the fact that mean streamlinesaboutL,/R ~ 2.8 downwind of the upstream face of the
can enter the wake (e.g. Hunt, Abell, Peterka & Woo, obstacle. A rough estimate for the vertical extent of the
1978), and this can be an important factor in determining recirculating region can be obtained from the heights at
the average concentration behind the water curtain. ~ Which the (positive) velocity gradient is a maximum.
This defines a line, almost level with the top of the water
4.3. Vertical profiles curtain, which remains at this height untlR ~ 3, and
then falls rapidly to the ground level &R ~ 3.5. This
Vertical profiles of the streamwise velocity at several also coincides with the peak in the production of turbu-
positions along the streamwise axis of symmetry are |ent energy (Fig. 5), presumably because this is where

the mean shear is a maximum. The dissipation is a
maximum along this line too (Fig. 6).

Fig. 5. Profiles of the kinetic energy at several positions downwind
of the water curtain.

eR/U2,
20 — - s
4
4
z/R 10}
0.0 - : e
0.0 1.0 20 30 4.0
z/R

Fig. 3. Visualization of a low pressure iso-surface and streamline Fig. 6. Profiles of the dissipation at several positions downwind of
behind the curtain, showing the existence of a toroidal vortex structure. the water curtain.



5. Concentration field

In order to compare the computed concentrations with

of the sourceX/R = 1.3,2.5,3.5) in Fig. 7(a—c), together
with the results from the numerical simulations.
The experimental data do not collapse onto a single

those measured in the field experiments of Bara andcurve (Fig. 7(a)) although they exhibit the same tend-
Dusserre (1997), we have selected four of their tests thatencies; close to the curtain the concentration drops

were performed in similar conditions. The relevant
experimental conditions are given in Table 1. The con-
centrationC will depend on the location of the measure-
ment &, y, z), the wind speed (say,, the velocity at
the top of the water curtain), the size of the water curtain
(R), the mass flow of ammonia at the sour€® é&nd a
coefficient of turbulent diffusion (K):
C = f(x,y,z,U,R,Q,K). (1)

Now using standard techniques of dimensional analy-
sis, and takingR, U, and Q as our basic parameters,
we obtain:

_CUR _
Q

()

xy z K
Y RPN

R'R'R'U,R)

The coefficient of diffusionK, can be estimated as
u'?T,_ whereu' is the rms velocity and, is the Lagrang-
ian integral Time Scale, which can in turn be estimated
as¥/u” where¥ is the integral scale of the turbulence.
From which:

K us
UR UR

®3)

and it is likely thatu'/U, and &¥/R did not vary much
over the four field experiments being used for a compari-
son here, because the size of curtd®) (vas kept con-
stant, and for any given type of flow'/U, usually
remains similar at similar points in the flow. This means

towards the centreline, but further away, the concen-
tration actually shows a peak on the centreline (Figs. 7(b)
and (c)). The biggest differences between the experi-
mental data occur in the profile measuredké® = 2.5,
which is aboutx/R = 1.7 downstream of the upwind
face of the water curtain. There are several possible
reasons for the failure of the experimental data to col-
lapse onto a single curve. Firstly, the wind direction and
speed fluctuated during the field experiments, and the
concentrations were only measured for a period of about
90 s, so the measured concentrations probably do not
represent a ‘long term’ average. This probably also
explains why the experimental profiles are rarely sym-
metrical about the centreline. Secondly, the presence of
the water curtain will lead to the formation of large-scale
unsteady structures in its wake. A simple calculation for
a rigid plate of the same dimensions, in the same flow
conditions, suggest that large scale vortices will be shed
into the flow at intervals of 25-50 s. This means that
the flow downstream of the water curtain is probably
influenced rather strongly by large scale unsteady struc-
tures with time scales that are rather long compared with
the ‘averaging time’ of the measurements. Once again,
then, the measurements probably do not represent a true
‘long time’ average. (Of course, the question of whether
the flow past a rigid plate is a good model for a water
curtain in a cross wind remains an important question
which we have not been able to investigate here.)

The computed concentration profiles clearly give
dimensionless concentrations that are of the same order
of magnitude as those measured in the field experiments,

that the data from the flow field experiments, expressedwhich is, in itself, encouraging, because there has been

in the form

_ KCUR® _
Q

Xy z
f(R’R’R) *

ought to collapse into a single curve.

no adjustment of coefficients to force, or improve the
agreement. However, it is difficult to go much beyond
this ‘general agreement’; the numerical model predicts
a concentration minimum on the centreline, which might
be reproduced in the experimental profiles closest to the
water curtain, but is certainly not observed further down-

Transverse profiles of the measured dimensionlesswind, where the data show a concentration maximum on

concentrationg are plotted at three positions downwind

Table 1
Experimental conditions for the four cases

the centreline!

Trial Wind speed (m/s)  Discharge (kg/s) Comment

1 3.4 4.5 Wind approximately perpendicular to the curtain
2 2.0 7.6 Wind perpendicular to the curtain

3 2.0 7.6 Constant wind speed

4 4.0 7.5 Curtain located 5 m from the release point
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Fig. 7. Transverse profiles of concentration at a height of 0.2 m, at three positions downwind of the release (a) 13 m downwind of the release,
(b) 25 m downwind of the release, (¢) 35 m downwind of the release. , Numerical simulatidmjal 1; [, Trial 2; V, Trial 3; A, Trial 4.

The numerical simulations predict very high concen- ally smaller than the variations between the four
tration peaks at the edges of the recirculating region experiments, although it is clear that compared with all
behind the water curtain, but this is not really confirmed four experiments, the computations underestimate the
by the measurements. Although the measurement pos-concentration immediately downwind of the water cur-
itions do not extend outwards sufficiently to provide a tain.
definite conclusion, it seems very unlikely that such  Another important parameter for defining the perform-
steep concentration gradients existed in the experimentsance of the water curtain is the average retention time
There are several possible explanations for this differ- in the wake. Humphries and Vincent (1976) measured
ence. Firstly, the edge of the recirculating region is a the retention time of smoke in the wake of circular discs,
zone of very high shear, and the local lateral diffusion and defined a dimensionless residence time t.U../H
of material will be significantly enhanced. This will wheret, is the time for the concentration in the wake to
reduce the peak values and the gradients. Secondly, irdecay by 1¢, U.. is the free stream velocity and is
the experiments, there was a gap between the groundhe characteristic length scale of the object. They found
and the bottom of the water curtain so some ammoniathat if the incident flow is smooth, ~ 7.4, and this
will have been transported into the wake directly, decreases as the turbulence in the free stream increases.
beneath the water curtain (particularly since the In this simulation, we obtaing ~ 6.9, which is therefore
ammonia is heavier than air). Also, it is well-known that in good agreement with their results. The residence time
the phenomenon of ‘base bleed’ can modify the structure represents the characteristic time scale for large scale
of wake regions significantly. concentration fluctuations in the wake; on the basis of

Another important difference between the experiments the numerical simulations we estimate that its value in
and the numerical simulations concerns the unsteadinesshe experiments was of the order of 60 s. Now in the
of the oncoming flow. Even a nominally ‘steady’ wind experiments reported by Bara and Dusserre (1997), the
exhibits low frequency fluctuations in direction, so that measurements began 30 s after release of the ammonia,
the effective size of the wake is much larger than that and lasted for 90 s in total. Thus it seems likely that
in a truly steady flow. Consequently, the diffusion steady state conditions had not been established in the
behind the obstacle is greater than in a steady flow. Thiswake at the start of the measurements, but, on the other
may explain why the measured profiles of concentrations hand, the measurement period exceeded the character-
in the wake are much flatter than those predicted by theistic response time of the wake.
numerical simulations, particularly as the distance down-
stream of the water curtain increases.

The computed streamwise profile pfagrees reason-
ably well with the measured values (Fig. 8). The differ-  The present numerical study shows the capability of
ences between the computations and the data are genea CFD code like Mercure to accurately simulate an

6. Conclusion
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Fig. 8. Longitudinal profile of concentration, at a height of 20 cm.

ambient ammonia dispersion over a water curtain. The
aim of this study was to reproduce the main features
of the experiments of Bara and Dusserre (1997). The
aerodynamical characteristics of the simulated flow over

a:/R

6.0 8.0

, Numerical simulatioririal 1; (1, Trial 2; V, Trial 3; A, Trial 4.

W. J. (1987). Effectiveness of water sprays on mitigating anhy-
drous hydrofluoric-acid releases. Internibtion Conference on
Vapor Cloud Modeling, 155-180.

Buty, D., Caneil, J. Y., & Carissimo, B. (1988). Theor. Appl. Mech.
2(7), 35-62.

the curtain are reasonable and we find good agreementorke, T. C., & Nagib, H. M. (1976). Sensitivity of flow around and

between our simulation and other studies from the litera-
ture (Corke & Nagib, 1976; Huber & Snyder, 1976). The

computed concentration field is also in good agreement

with experiments.

These results show that numerical simulations can
appreciably complement experiments and provide inter-
esting information to study the efficiency of water cur-
tains.
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