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Abstract

A programne of large-scad experimend for atmospheid dispersim was carried out by INERIS ove a
period extendirg from Decembe 19% to April 1997 The objectives of the tes campaig were to
measue anhydros ammona concentratios in arang of few metes to 2 km from the releasein orde to

generag dat to be useal to improve 2-phase releag modelling

The dischargs were releasd from a 6-tonre stora@ tark of pressurise liquid ammona ard throud a
discharg device with an outlet diamete of 2 inches Fifteen trials were carried out with variouws releag
configuratiors correspondig to industrid situatiors (impinging jets on the grourd ard on a wall at
various distancesreleag throudh a flange without seal...). The quantiy of ammona dischargd from the
liquid pha® varied accordimg to the tests from 1.4 ton to 3.5 tons for duratiors betwea 7 ard 14 minutes
and therefore at flow rates betwea 2 ard 45 kg/s Approximatey 200 sensos were settlel downwind to
measue ammona concentratioa ard temperatue in the plume The tess showel tha for discharge
with identicd flow rates the distance correspondig to the sane concentratia vary a lot accordimy to the
configurations The® distance terd to be reducel by the presene of obstacls or bound tha collected
liquid ammonia In the paper the main experimenth resuls are presentd in orde to enabé the

comparisoswith numerica predictions

Introduction

The study of the atmosphed dispersim of ammona is of maja interes for two reasons Firstly,
ammona is a comma substancewhich has mary uses owing to its chemicé ard physica properties
Secondly ammona is a substane tha is extremey toxic, corrosive flammabk and explosiw in certan
conditions It may be remembere tha the failure of a 22-tonre storag tark of ammona in Daka on



March 24, 1992, causd a large numbe of fatalities (129 deal ard more than 1,100 injured sone of

which were due to the toxic natue of ammona ard occurr@ severh weels after the accident

In the framewok of the large scak atmosphei dispersim of pollutans dore before the INERIS trials,
ammona specificity was nat taken into accoum sud as : the jet formation the aerosb generation
reactiors with the moistue of the air, et ... Sever& significart experimentatio campaigs ware carried
out by Resplangt (1969) Goldwire (1985) Wheatlyy (1987 ard Nielsen & Ott (1996) They all
producel datrelatal to the generd aspectsThe trials highlighted :

» theinfluence of the weathe conditiors ;

» the ammona cloud behaviow which disperse as a heaw gas when it is releasd from a pressue
tark a the grourd levd ;

» impingingjet on the grourd mack it possibé to colled 70 % of rejected

Thanls to the® trials, modek were developd tha are usel for risk assessménard quantification of
accidenn consequencein safey reports But to improve the relevane of the predictiors relatal to

industrid conditions risk assessarhawe daton :

» the characterisatio of the releag sour@ term arnd diphasc jet formation in the ca® of release
unde pressue ard in particula the generatio and the evolution of the aeroso ;

* impinging jet with more significart flow rates

Therefore INERIS launche in 19% a programne of large-sca trials with the aim of improving
understandig of the mechanisra of atmosphen dispersim following an accidenta ammona leak The
tess were conductd in configuratiors correspondig to situatiors which can typically be found on

industrid plants (discharg outlet diamete of 50 mm, impad on obstaclesetc...).

Description of the means implemented
a) Field-test description
Ammonia dispersim trials on a large scak were performeal on the experimentio field of the CEA-

CESTA (Cente of Scientific and Technicé Studies of Aquitaing nea Bordeax (FRANCE)

The site (see figure 1) has a surfae of 950 hectares It is entirely encloséd ard its acces is controlled
permanently The site is completey flat ard is deprivel of ary obstacle This ground of approximatef
two kilometres of ray, has in its middle, a squae concree flagstore of 10 metes side and approximate}
15 cm thicknes wher releass hawe bea performed

b) The release point

In the close vicinity of the releag flagstone three tanks of ammonia 12 m’> ead one were installed
Liquefied ammona was storel unde its saturatilg vapou pressure



During trials, only one of the® tanks was connectd to the releag device locate in the middle of the
flagstone This ore was equippe with 5 thermocouple ard pressue sensors in orde to follow the
evolution of the conditiors of pressue and temperatue inside the tark during ead teg both in the liquid

pha® ard in the gaseos phase
The pressue senso was locatel in the gaseos phase This senso is locatel P3 on figure 2.

The tark was al® connectd to a nitrogen tark making possibé to pressuris it, or to maintan the
constam pressue during atest or even to purge afte atest the pipe connectig the tark to the releag

device

To perfom the fifteen release defined within the programne framework two manua valves with a
2 inches diamete were placel on the tark : ore was connectd to the gaseos pha® and the othe ore to
the liquid phase The® two identicd valves hawe na integrd passageand their red diamete is 3/2

inches

Connectim betwea the tark ard the releag device was ensurd by a flexible pipe of 50 mm diamete
and 104 m length

Lastly, the releag deviee was composd of a pipe of 2 inches instrumentd by valves thermocoupls ard

pressue sensos (see figure 3). Note tha the axis of the point of releag is 1.015 m abowe grourd level

c) Atmospheric conditions measurements during trials

For the atmosphed conditiors measuremenisa 10 metes height weathe mad was installed a
350 metes of the outle (referene mak M on figure 1). This ore was composd of three cup
anemometers locatel a 1.5 4 ard 7 metes height a wind vare & 7 metes ard an ultrasont

anemometeat 10 meters

A weathe statim was alo installed besice the contrd unit where temperatug measuremenjsrelative
humidity ard sola flux were recorded Theg measuremestwere carried out @ 15 mete height The
frequeny of acquisition of thee parametes was 1 Hz, excep for the ultrasont anemomete whose

frequeny was 10 Hz

d) Ammonia sensors

To cary out the full-scale experiments INERIS cho® to use autonomos measurig equipmen to be
easily movel according to the weathe conditiors (especialy for the variatiors of the wind direction)
Batteries ensure powe suppy of the sensors For ead series of measuresthe dat storag was carried
out on EEPROM (Electrically Erasabé Programmald Rea Only Memory).

Thus the measurig equipmen of ammona concentratios consiste of an electront bax on which it was
possibk to connet up to 4 sensos of differert technologies On the whole, 70 identicd electron¢ boxes
were usa for this program



The electront bax has an internd clock which stars and stogs the systen a specified hours For this
period the EEPROM records the measurs of the sensos a a predeterming rate Fo the tests a
frequeng of 0.5 Hz was chosa (tha is to sy a measue evely 4 seconds)which allowed taking into

accour the capacitis EEPROM to recod during 8 hours

To cary out the choice of the sensos to be installed on the 70 electront boxes plannel releass were
modelled using integrd dispersim models The® resuls were considerd as ordes of magnitue and

were adjustel accordirg to the resuls of preliminary trials.
Thus sensos were chos@ accordirg to the expectd concentratia at differert points placed downwind

Eath measuremdrtechniqwe has a specifc validity domain The domairs are ordes of magnitua which
can be wider accordimg to the sensos characteristics Finally, the sensos connectd on the electronc

boxes were :

* 60 catalytc sensos of pellistar type specifc to ammona (EEV VQ 41) allowing to measue
ammona concentration rangirg betwea 0,1% ard 156 (betwea 1,00 ppm ard 150,0@ ppm).
Thes sensos were placel in the close field (up to 200 metes of the outlet) resolutio is mace by
step of 250 ppm of value EEPROM 0 up to 130, then by stg of 560 ppm of value EEPROM 131
up to 255 ;

» 50 electrochemiclacells (SENSORC NH3 3rd 1000 measurilg ammonéa concentratios rangirg
betwea 10 and 1,00 ppm The® sensos were laid out in the far field (from 200 metes to 1,70
metes of the outlet), resolutio is mack by steys of 10 ppm up to 2,00 ppm

It shoul be notel tha pellistors EEV VQ41 and electrochemiclacells SENSORC NH3 3rd 100Q hawe
bee testa at INERIS in laboratoy ard during middle-scaé releass (release through 05 mm to 8 mm

nozzle diameters)

In orde to simplify the installation of the electronc boxes before areleasethe test-fied was beforehad
equippel of more than 150 mass of 3 metes height The® mass could receiw 4 senscs a different
heights namey 0.1, 1, 2 ard 3 meters They were laid out on 7 circle arcs of 180° centrel on the releag
flagstore and whos rays were 20, 50, 100 200, 500 800 ard 1,7 metes (see figure 1). On the first two
arcs of circles locatel a 20 and 50 meters 41 mass were installed space eat othe with an angk of

4.5° ard on all the othe arcs of circles 21 mass were installed with 9° spacing

Moreover 60 thermocoupls (type K, diamete 1 mm, classifies 1, stainless lengh 5 m), were usal to
measue mea temperature Theg thermocoupls were installed besi®e ead catalytc senso until the
distan@ of 100 metes since the outlet and this in particula in orde to appreciag temperatue variatiors
in thejet. The resolution of the measuremestis mace by st of 0.3°C from -40°C to +40°C

€) Selectd configuratiors



The fifteen releag configuratiors are briefly describé besicke eat generd diagran on table 1. They are
numbere of 1 with 8b in the chronologicd orde of their realisation For eah ore of thee
configurations the hoe diamete is 2 inches (508 mm). Exceq specifc indication (tess 2, 3, 4p, ard
2b), the circular openirg is alo with a 2 inches diamete ard the heigtt of the nozzle is 1.015 m abowe

ground

For all the performel tess after the 39, no overpressw of nitrogen was used ard the tark pressue was
not maintainel constan for the duratim of the trial. Thug for ead test it was observe a fall of tark

pressue more or less significart accordimg to releag conditions

Main results
Grapts on figures 4 and 5 presemthe conditiors recorde during trial n°4.

Typicd evolutin of the pressue conditiors in the tark ard in the pipe during a releag is shown on

figure 4.

For trial n° 4, changs of the temperaturg locatel a variows heighs in the tark ard locatel in the pipe are

given infigure 5.

Thee figures shaw in particula tha temperatue ard pressue tark decrease slowly during trial n°4.

For eat of the 15 tess describd previously the atmosphen conditiors are listed in table 2.

Concernimg the generdatmospheid conditiors during tests the following remarls could be noticed :

» Fromtheteg n° 4, no more rain was falling on teg field. Thus rathe low relative humidity during the

day were observe (only 20% for the teg n° 10).

e The visible pat of the plume varies much Tha is mainly due to the relative humidity of the
atmosphere
Indeed the ammona cloud is relatively cold (approximatet -40°C on the axis of the releag a 20
metes of the outle)) becaus of the presene of ammona droplets which will take heat in particula to
the ambien air, to vaporize The low reachd temperature make tha wate vapou preserd on the
plume trajectoy condensge ard forms a visible cloud until the plume is heate by dilution with
ambiert air.
Thus for almog identicd conditiors of releag (test 4 ard 11), the visible pat of the plume
decreasg from approximatel 500 metes to approximatel 70 metes for a relative humidity which
decrease from 82 to 24 %.



s Sola flux varied much betwea the tests with very low values a the beginnirg of the ted campaig
(0.04 kW/m %) ard raise during April (1 kW/m %)

According to studied phenomenather ar various possibilities of carrying out the analyss of the
concentratia fluctuatiors which were recorde during the tests In this paper concentratios values
which will be presentd are averag values of the concentratios measurd on the axis of the plume (see
table 3).

To obtan the® values we picked for ead stg of time (of 4 s), the value of maximum concentratia on
eat of the 6 circle arcs located at 20, 50, 100 200 500 ard 800 metes of the outlet Then we carried
out on ead circle arc an averag of the whole of the maximunm values recordé in the cour® of time by
excluding the first and the lag minute of exposue for eah sensor The beginnirg of sensos exposue
was given by considerimg a time of advectio of the cloud This time was taken equd to the ratio of the
distane betwee the arc of circle considerd ard the outlet by the mean velocity of the wind during the

release

Discussions

On the bass of the analyss carried out at this time, the following commens can be made Othe detailel

interpretatio of the resuls will be publisha in othe coming papers
» The ammona cloud behavs like a heay gas ard no elevatim of the cloud is observed
* The temperatue in the ammonajet can fall to approximate} -70°C

* Solid obstacle (wall or ground locatel a a few metes from the discharg point haw a
consideral# effed on the concentratia values measurd downwird the obstacé (see trials 5, 6, 7, 8,
8b, 9). In this teg campaign concentratios measurd downwird the obstact were approximatey
half of thoe measurd for the sane discharg into a free field, which is why it is importar to take

into accout the obstacls in the vicinity of installatiors when determinirg safey distances

*  When discharg is releasd towards a surfae with bounds a large amournt of liquid ammona is
retained For trials 8b ard 9, more than 50% of the totd dischargd mas were collected in liquid
form a atemperatue of approximatey -60°C

* Liquid ammonapod formed after impad with an obstack does nat evaporat quickly.

*  Wate screes (peacok tails) locatel acros the cloud trajectoy had little effed on the dispersion of
ammona cloud in the teg conditions

+ Comparisos haw besn mace betwea the experimenth resuls ard the resuls obtaina using
integrd dispersim models When suitabk calculation hypothese are used especialy for flow rates
thee modek can calculae downwind concentratios of a discharg in afree field tha hawe the sane



order of magnituet as resuls obtaine by experiments For impinging releasesbig difference exig
betwea integrd dispersim modeb ard experimenth results thee modeb dont take into accoun

obstacls nea the discharg point

Conclusions and per spectives

The trials, carried out from a 6 ton tark of ammona ard through a discharg devie an with outle of
2 inches led to releag more than 2 tons of ammona pe trial. For all trials, sensos were locatel
downwind of the outlet in the teg field. Thos trials mack it possibé to examire in particula the
fluctuatiors of ammona concentratios on circular radius locatel up to 1,70 metes ard to determire the
influence on the dispersim of the following parametes : impinging jet on a wall, impinging jet on the

ground releag throudh a flange and presene of wate curtains

Comparisos haw been made betwea the experimenth resuls ard the resuls obtainel using integrd
dispersim models The® modek can calculae downwind concentratios of adischarg in a free field that
hawe the sane orde of magnitug as resuls obtainel by experiments However a the presen time,
integrd modebk are not able to predid downwind concentratios for the cag of a discharg impactirg an
obstacé locatel a few metres away The calculation resuls obtainal using thee modebk can be very
different from the experimenthresults unles the modek are adjuste beforehad to take into accout the
quantity dischargd into the atmospheg in the form of vapou or aeroso after the impact

The resuls obtainel in thes test led us to drav up a new programne in 1999 with the particula aim of
developirg a modé which would take into accoun the interaction betwee a liquefied gas discharg and
an obstacle This modé could constitue an additiond moduk in integrd models optimising the study of
specificindustrid configurations
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Duration Q releasd Flow 7 H
n° Configuratin Remarls
© | (kg | (o9 ’
1 460 300 0.6 Horizontd releag in gaseoa phae
2 m 0 mm Horizontd releag in liquid phag
440 1.98) 45 throuch an openirg of 20 mm diamete
Releag throuch a flange of 2 inches
The distane betweea the two elemens
3 540 1,400 26 of the suppot is 1 .6 mm so tha the
orifice surfa@ of releag is equivalento
18 mm diamete
IHorizontd releag throuch ore orifice of
4p 660 2,38 36 30 mm diamete
Horizontd release
4 600 250 42 Reference case
Horizontd releag impactirg awall of
5 600 2,520 42 surfa@ 3 mx 3 m. Thiswall is locatel at
3 m from the releag point
Horizontd releag impactirg awall of
6 600 2,520 42 surfa@ 3m x 3m. This wall is located a
1 m from the releag point
[ ;_.r Verticd releag impactirg the grourd
! 670 2,560 38 by ' startirg from aheigh of 3 m
Verticd releag impactirg the grourd
8 875 342 39 startirg from aheigh of 1 m
Vertica releag impactirg the grourd
9 605 2370 39 starting from aheight of 1 min a

retention dike of 2 m x 2 m of surfa@

& land 1m height (4 m’)
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o Duration | (" releasd Flow . .
n Configuratin Remarls
o | o | (kg J
Releasg identicd to the releag n°4 with
10 690 2,150 3.1 awate curtan locatel a 25 m of the
outlet (startel in the cour® of tes)
Releag identicd to the releag n°4 with
11 600 1,80 3 a watea curtan locatel a 60 m of the
outlet (starte in the cours of tes)
Releag identicd to the n°4. The
temperatue of liquid ammona inside the
12 660 2,000 3 S tark was lowered to -12°C befor the
- test
Releas identicd to the n°2 with an
2 20 1,4® 1% openirg of 18 mm diameter
Vertica releag impactirg the grourd
8b 760 212 27 startirg from aheightof 1 min a

retentian dike of 10m x 1 0m of surfa@

' land 5 cm heiglt (5 m *).

Table 1 : Characteristics of the 15 configurations tested in the project
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Testn® | Températue Relative Sola flux Spee of the wind Stability clas Stability clas
unde shelte humidity (kW/m 2 at 7 mheight (determination of (determinatio of
standad deviatiors | Monin-Obukhov
of wind direction length
1 14°C 76 % 0.2 5m/fs D -
2 8.5C 84 % 0.1 3mfs D C/ID
3 5°C 90 % 0.04 25 mis C D
4p 10C 61 % 05 3m/s C -
4 12.5C 82 % 0.5 3mfs C D
5 20°C 50 % 0.66 35 mis A B
6 12°C 75 % 05 5m/fs D D
7 13°C 60 % 0.7 6 m/s C C/ID
8 20°C 37 % 0.7 5m/fs D C
9 14°C 50 % 10 3mis A B/C
10 24°C 20 % 10 3 mis A A/B
11 24°C 24 % 0.7 5m/fs C Cc
12 15°C 33% 06 6 m/s D CID
2b 18C 31 % 0.7 4 m/s A A/B
8b 18°C 31 % 06 5m/fs C B/C

Table 2 : Average atmospheric conditions recorded during each trial
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. Distanc efro npoin tofreleas e
B 20m 50m 100m 200m 500m 800m

1 15000 4 500 150 400 40 10
2 55 000 3100 0 20 600 9 000 N0 300
2b 33 000 18 000 6 600 1600 60 20
3 33 000 20 000 8 000 2700 250 100
4 65 000 27 000 16 000 10 000 1200 500
5 28 000 14 000 6 500 1500 140 30
6 28 000 13 000 7300 2 500 450 150
7 25 000 11000 5300 1000 160 60
8 26 000 12 000
8b 20 000 8 500 4 000 800 70 30
9 20 000 5000 2000 450 30 5
10 65 000 29 000 18 000 4 000 80 20
11 65 000 27 000 15 000 3500 300 80
12 60 000 20 000 7 000 1500 120

-: value of concentratia on the axis of the plume not measurd
Table 3 : Average concentrationsin ppm measured 1 m from height on the axis of the release
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