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Rain-out investigation: initia| droplet sizzmeasuremen

Jean-Piee Bigot™?; Abdellah Touil*; Patric Bonnet"; Jean-Mat Lacome”

“Ecole nationalesupérieuredes mines d8aint-Etienne,/ 58 coursFauriel, F-42023 St-Etiennecedex 2

PINERIS,B.P. 2,F-60550 Verneuilen H datte

Abstrac t

Drople size distribution inside wate flashing jets ard correspondig rainou fraction were
measuredMass distribution showel tha a few droples are "large' (> 150 um) ard court for
more than 85 % of the liquid mas in the jet becaus of ther large individud mass This could
be due to incomplee therma fragmentation It could explan the rain-ou falling nea the
orifice or pipe exit.

Keywords: rain-ouf loss of containment flashirg liquid jets therma fragmentation drople
size distributian

1. Introductio n

The rain-ou problem is pat of the loss of containmeh scenaw abou liquefied gase
reservoirs how mud of the releasd liquid phag will fall on the grounc® This fraction will
not directly participae to the toxic or flammabeé cloud

Experimenth dat abou this topic are seldan (Johnsa 1999 Hocque 2002) Modek
are eithe na sufficiently validatel becaus of this ladk of experimenthdat or even nat in
goad agreemen with the existing ones (Wheatly 1987 Ianello 1989 Epsten 199Q
Papadouralsi 1991, UDM, Johnsa 1999)

A former work (Hocque 20029 showel that rain-ou forms a few metes down-strean
the accidenth breat underthe horizontd aerosal Howeve literatue predics smal droples
(dg < 150 pm) will be formed throudh the therma fragmentatio mechanisx (Brown 1962
Bushnell 1968 Gooderun 1969 Lienhard 197Q Oza 1983-1984 Razzaghi 1989 Reitz

1990Park 1994, Ramsdat 1998 Witlox 2000-2001) Sud smal droples would normally be
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entrainel by the aerosal The aim of this work is to understad how this non homogeneas

behaviow can occur

2. Experimenta |

We usal two differert experimenth set-ug in ordeg to measue drop sizes
temperatue ard rainou fraction for known initial conditiors T and Prs. Both set-us usel

the sane teg sections The testa fluid was water

2.1. Testsections:orifices andpipes

We usa both stainles steé orifices ard pipes (fig. 1). The 2 mm inng diamete
orifice (D2) ard pipe (D2L100) where mainly used But sonme experimerd were conducte

with D5 ard D8 orifices D5L250 ard D8L4Q0 pipes

2.2 Rainout, massflow rate andjet temperatureneasurements

The experimenth set-yp for the® measuremeastis mainly composd of an upstrem
tank the teg sectionjet temperatug probes ard rainout captue basirs (fig. 2. & 3.).

The up-strean tark is intendel to maintan the testel fluid in a stabé thermodynamic
stak all alorg an experiment It consiss of a jacketa stainles steé¢ columm (45 m high,
.257 m inne diameter .238 m' volume) It allows for afew minutes steady-sta& experiments
We experimentd up to Po = 1.1 MPa ard To = 350K (170°C) Hea is providel to the testel
fluid by a 30 kW electrica heate throudh oil flowing in the jacket A .12 m thick rock-wool
insulatian arourd the tark allows for a hed transfe coefficiert to the surrounding as low as
h= 5 W/m’K. Testel fluid is circulatel (.7 m3/h from the bottan of the tark to the uppe gas
phase This allows obtainirg + .1 K temperatug uniformity for the testel fluid inside the tank
Pressue a the teg sectiom levd is maintain@l constan (within +2 kP3 owing to loop

controlled nitrogen introduction
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Jd temperatug is measurd both on its axis ard just abo\e the captue basirs throuch
20 equaly spacd (1 m) Pt temperatug probes Time constah for theg probes induces a
+ 75K measuremdruncertainty

Mass flow rate throudh the teg section is measurd by comparig the chang of the
pressue heal abowe the teg section during and experimeh to the chang@ when a known
amourn of liquid is added

15 captue basirs (Im* 2mor 1 m* 1 m) allow rain-ou wate captue (fig. 2. & 3.).
Wate capturel in ead captue basn is gravity transferrel to a smalle containe and then
weighted Ratio of mas in one captue basn to the totd mas releasd from the upstrem
tark (obtainel from mas flow rate and experimeh duration measuremets ameasue of the

rainout densiy function (£ 1 % accuracy,)

2.3 Droplet velocityandsize measurements

The experimenth set-p for thee measurementis mainly composd of anothe up-
strean tank the sane teg sectiors ard a PDPA system The teg sectio is connectd to the
up-strean tark throudh a 3 m long, .013 m inne diametey void hea insulatel flexible hose
(fig. 4. & 5.).

This up-strean tark allows the sane initial thermodynamic conditiors (1.1 MPa
350K) to be obtaine@l as the othe one It is sphee shaped The usefd volume is
approximatey 1. m’. Internd electrica heatirg is provided as well as N2 inlet. Both are
manualy monitorel leadirg to atypicd chamy of + 10* Paard + 5 K just up-strean the teg

section during an experiment



A DANTEC Dual-PDPA! allows locd measuremest(typicd 1 mm® volumé of both
two componerd of individud dropléd velocity ard diameter Statistic abou droplé diamete
lead to size distribution

The measuremdnvolume can be moval in the three directiors 2.7 m * .6 m * 1.5 m).
Thus differernt measuremdnocatiors can be testel during the sane experiment We generaly
coveral the verticd plare which includes thejet axis as describe in fig. 6.

2.4. Droplet sizemeasuremerdccuracy

The PDPA stos when 3000 measurs ate collectal or after 5 second if less than 3000
measurs were collected At 25 ard 50 mm downstrean of the D2L100 pipe the apparata
only detecs afew droplet (260 et 193 respectively during the 5 s which are allowed The
difficulty is probaby linked to the opticd densiy of the jet in this region : beans generaly
canna cros the jet without beirg refracted At intermedia¢ distancs (generaly comprisirg
200 mm downstrean the orifice or pipe) 30 droplet are measurd in lesthan 5 s.

The numbe of measurs during 5 s decrease agan farthe than 4 or 600 mm. The
main reasao is probaby the decreas in the densiy of the jet when going farthe ard farthe
from the source Sometims droplet impad the lenses of the apparatus. ..

We thus decidel to use a distane of 200 mm on the jet axis as our referene location
Anothe justification for this location is tha the chang in the size distribution is very
importart in the first few centimetrs ard clearly slowe after 200 to 400 mm.

We estimag the Saute mean diamete from the sampé collectal by the PDPA This
sampé has to be large in orde tha the estimatd value is clos to the actud one Most of the

measurd droplet are "smal droplets (dqg < 150 pm).

' 2 300 mW arga lases in two orthogoné planes 60X Fiber Flow series 57X80 ard 58N8L
detectorsBSA P70 electronc module mak C.



Figure 7. shows tha estimatd mean value for the smal droples is corred¢ within a
few micrometes when the sampé has 300 droplets The "larger drops play a predominah
role when estimatig ds, for the whole population becaus of ther large V/S ratio. But thee
drops are relatively few amorg the whole population (~ 40 450 % at Trs ~ 105°C, 3 to 10%
when T, ~ 165°C). When the apparata stogs becaus he countel 300 droplets the sampé
of large ones is still limited (100 ard 300 droples for the two situatiors depictel on figure
zxy). It is the reasm why the convergene is slower We cen estimae the uncertaing as
+ 100 um for a sampé of 300 droples a high temperatug (Tres ~165°Q when the numbe
of large droples is the lower.

+ 20 um for asampé of 600 droples a high temperatus

3. Results and discussio n

Testel reservoi conditiors are summarizd in figures 8. (pipe9 ard 9. (orifices

3.1. Flow type

Figure 10. shows mas velocity (W/A) dat for orifices (A is the nomind sectio of

the orifice) versis relative reservoi pressure Lines shav Bernoull equatimm flow

(G=CD " 2p; (P, - P,)) for differert discharg coefficiert values Thee is a very goad

coincidene if discharg coefficiert is fitted (Cp = 0.67 for D2, CD = 0.70 for D5). This shovs
that observedflows are purely liquid, as is expectd for ided orifices Using "standary
dischar@ coefficiert (Cp = .61) leads to 10 or 13% mas flow rat uncertainty But actua
industy problens will neve be concernd by ided orifices ard comparisa with modes do
not necessita a bette levd of accuracy

Mass flow ratesfrom experimerg with pipesat temperature lightly highe than the
boiling ore (up to 395K) shaw a complee agreemen (x 5% with purely liquid flow

assumptia (constanh linea friction coefficient A.=0,016). Figure 11. represers mas



velocities measurd a highe temperature (T > 3% K). The agreemenwith the Bernoullk

like approab (or Lackmé approach G = \r/ 20/ (P - Pouy (Th05))) s quite good It is bette

than using a modé for initially saturatd fluid (Fausle 198 for examplé even a low sub
cooling (1 to 2.10* Pa here) This mears tha the flowis liquid in the mainpart of thepipe but

there is somdorm ofvaporisatiorjust up-streamits end.

3.2. Rain-outmeasurements

Figure 12 et 13. shov the spatid distribution for the rain-ou downstrean both orifice
ard pipes experimentsThey are very similar one to the othe (for similar reservoi conditiong
as opposd to the completey different behaviow downstrean a longe pipe (D8L400Q
Hocqué 2002) This suggest a large influence of pressue gradien (Pres - Psarl(Tres))/L. on two-
pha® flow structue inside the pipe The 2-phag flow regin is mud shorte for the shorte
pipe(fig. 14.), s0 tha almog no internal fragmentationcan occu (when AP/L > 1 MPa/m
insteal of AP/L <.1 MPa/m). This leads to the smal pipe (D2L100) behavimg like an orifice.
Our pipe measurements are representative of such highly sub-cooled flows only.

Figures 15. and 16. shaw the globd rain-ou we measurd verstis reservoi temperatus
T.. Two importarn features of the® dal are tha there is no significant influenceof the
reservoirpressureon rainoutfraction ard tha data after gipe are notso differenfrom ones
obtained after an orifice. The agreemenis goad with daa from the CCPFS experimenrd

(Johnso 1999)

3.3. Droplet diameter measurementsilumberand massdistribution

Figures 17. (D2L.100 pipe) ard 18. (D2 orifice) shav tha all distributiors hawe a pe&
in the [0, 190 um]} range whateve T, € P.s,. The shag of this pe& is similar to wha was

reportel in the literatuie (Brown 1962 Bushnel 1968 Goodermm 1969 Lienhard 197Q Oza



1983-1984 Razzagh 1989 Reitz 1990Pak 1994 Ramsda 1998 Witlox 2000-2001)
qualitatively nea a log-norma or a Rosin—Rammler distribution Our measurementshawv
that anothe population exists At low temperatue (T,.s = 80°C 104° C ard 124°C) ore
observe a quasi-unifom distribution (almog the sane numbe of droples in ead size clas$
up to 600 um (PLDA limit for the usel configuration) At highe temperature (136 to
167°C) afew droplet with diamete large than 150 um still exist mog of them betwea 200
et 300 um .

Droplet mas is more importari than dropleé numbe as far as rainou phenomeno is
concerned This led us to represen size distribution using the mas probability densiy
function Figures 19 ard 20. shav a completey differert trend The "small droplets”
(de< 150um), which represetithe large numbe (T > 90 % for Trs > 136°C ard still T > 45
% for Trs = 80°C) only represent0,5to /7 % of the mass!And thelarge onescountfor the
complementj.e. 83 to 99,5% ofthe mass!The mas fraction for the « large droplet » in owr
temperatue range is always the large one It represerst almog all the mas when T <
125°C It then slowly decrease to approximatel 853% a T.s ~ 165T (fig. 21.). The
sensitiviy of this fraction to the pressue seens to be low, probaby lower than the
measuremenuncertainty

It seens to us tha sud a large fraction of large drops was neve mentione in the
literature up to now especialf in cag of therma fragmentation This coud be due to
experimenthconsideratios : in orde to obtan bes measuremestwhele mog of the droples
are presentit is often bette to limit the measuremedmrange With our apparats configuratio
the signd was very weake in the [0, 600 um] (mak C) range than in the [0, 200 um] (mak
A) range Anothe reasm is tha mog of the literatue is devotel to very smal orifices
general less than 500 um ( Diesé injection for example)

3.4. Changewith P,.; et T,



The distribution which appearé as quasi-unifom in numbe at the lower temperature
(Tres < 125°Q appeas increasig with diamete when represeni@ in mas becaus mas
increass as diamete to the cube The mas representatio shovs tha the same distribution
still exists at the higher temperaturedor the larger droplets (we define them from the
histograns as : dg >32%5 um). Furthe observig the mas histograns we are temptal to
distinguis a third population a pe& betwe@ 150 pymand 325 um is almos abseh a the
lower temperature (T,s < 105°C) but grows when temperatug increasesWhen temperatug
is highe than T.s = 136°C its mas is more than tha of « smal droples ». The® commens
appl to both D2 orifice ard D2L100 pipe

Histogram at 80°C (fig. 18) can only be understod as resultirg from pure mechanich
fragmentation It consiss of a quasi-unifom distribution betwea 0 ard 600 um, plus ape&k
of very fine droples (arourd dg = 15 um). The histograns a 104°C or 124 are qualitativey
similar. The only differenc is tha the pek movel to lightly large diameters Fragmentatio
at sud T,es probaby still correspondto essentiall mechanichfragmentation

Therma fragmentatio is thus na the only one which can form very fine droples
(dg <50 um). Thus we canna decick if the pe& of "smal droplets (dg < 150 urn, more than
90 % of the droples a high temperaturghas atherma or mechanichorigin. Thee is perhag
superimpositia of a mechanich pe& ard a therma ore a lightly large diameters The
growth of the thermd pe& could eventualy explan tha the globd pe& moves towards
slightly large diametes when temperatug increases

The "medium" peak (150 pm < d, <325 wm) is almos abseh a the lower
temperature (fig 19 e 20) (Tws < 125°C) It becoms visible & 136 ard is large a
Tws ~ 165°C. This leads us to associateit with thermalfragmentation The "larger drops"

would be a remainirg patt of the primaly fragmentatia which would not have undergone

secondaryone.



This would mea tha the therma fragmentatio would only concen a fraction of the
liquid, with the "larger drops stayirg in a meta-stable stae ! Fig 21. shows tha the mas
fraction for the® droplet is very high, even if it decreasewhen temperatug increases90 %
a Tres ~ 105°C still ~60 % a Trs ~ 165°C Perhap the numbe of nucle is nat large enoudn
for therma fragmentatio to be complete This type of fragmentatio would be more intensie

at highe temperature becaus more nucle would be activatel

3.5. Axial changeofmeansize

Fig. 22 ard 23. representhe probability densiy function dag a differert locatiors
downstrean the orifice or pipe Fig. 24. ard 25. shaw the correspondig mas distributions

When measurs are availabk very nea the pipe or orifice (pipe D2L100 a 124<T ard
8,1 ba ; orifice D2 & 163 4°C ard 82 bar) they often shaw a quasi-unifom distributian
ove the whole measurd range As far as measurs can be considerd as reliable a the®
distances this would mean tha a very fag primaryfragmentationmechanisn would exig
which would nat depenl very mud on geomety (pipe/orific nor on reservoi pressue or
temperature

The numbe fraction of « small droplets» (dg < 150 um) increase rapidly. from
~20% a 5 mm to betwea 80 ard 90 % a 30 mm. The maximum is reachd betwea 200
and 400 mm down-streen the orifice or pipe (fig. 22.). Meanwhik a pe& betwea 150 um
and 325 um appeas on the mas histograms This mears tha thele exist a leas one external
secondarymechanismwhich breals the droples mainly in the first few centimetres ard
continues during 200 to 400 mm.

The Saute mean diamete decrease when the numbe of « smal droples » increase
(from pipe exit to ~ 200-4® mm down-streamfig. 26. & 27.). It can then increag when ther
relative weight decrease (farthe than 200 to 400 mm). Ther relative weight decrease

slowa when temperatug is lower, which could explan tha the trend for ds; to increag comes



farther Note tha the observe diamete increag is generaly smalle than the uncertaintis

but the trerd is observe for all the experiments

4. Conclusio n

Two pilot scak experimenthset-p allowed us to characterie flashing wate jets We
measurd mas flow rate initial droplé sizz amd velocity distributions plus spatid
distribution of rain-out Teg sectiors were both orifices ard pipes mainy 2 mm inne
diameter

Mass flow rate measuremestard spatid distribution of rain-ou showel tha almog
no internd fragmentatio in the pipe occus when reservai sub cooling is large enoudn
(AP/L> 1 MPa/m). In sud conditiors both pipes ard orifice exhibi the sane jet behaviou
(rain-ou fraction ard rainou spatia distribution)

Reservai pressue (Prs) has nat a significart influena on totd rain-ou fraction as
compare to reservai temperatug Tie.

All droplé size distributiors exhibt a pe& in the [0 + 150 um] range as describd in
the literature But somelarge droples are al detected The® lag ones court fore more than
85 % of the liquid mas even when they court for less than 10 % of the droples numbet

Quasi-unifom dropld size distribution (almog the sane numbe of droples in eah
size clas$ very nea pipe or orifice could resut from a very quidk primary fragmentation
mechanism.

The "smal droplet$ (dg < 150 (am) form mainly in the few first centimetrs with the
maximum numbe reache betwea& 200 ard 400 mm downstreen the orifice or pipe Mass
histograns shav tha anothe pe& forms betwea 150 ard 325 um. The® two peals mea
that an externalsecondaryragmentationmechanismnexists

The forme observatios lead to the following scheme
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a primaly mechanich fragmentatio mechanisn exiss whateve the conditiors

(orifice or pipe high or low temperature) It curiousy leads to a quasi-unifom
distribution of the droplg diameters

- sone of thee droples underg very rapidly (mostly less than 10 mm) a secondar
mechanich fragmentatio ard probaby a therma fragmentation This lead to a
population of "smal droplet§ (d4q < 150 urn). This mechanim is stronge a the
highe temperatures

- When temperatug increase anothe fraction of the droples is concernd with therma
fragmentation This leads to the "mediun droplet$ (150 um < dd <325 um).

- An importan residu& quantiy of droples do na underg secondar fragmentation

They constitue the "large droplet$ population » ( 325 um < dd < 625 um).

The large mas fraction of large droples (dg > 190 pm).could be an explanation for
our forme observatio tha rain-ou is heterogeneaiin natue (Hocqueé 2002 : it is
composed of droples which fall underthe almog horizontd two pha®jet. Our nex aim will
be to prove tha sud size distributiors cen be a bass in orde to improve rain-ou predictian
models Future work will also hawe to take into accoun nea saturatio reservai conditiors

and fluids othe than water
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Fig. 1.: schene of the ted sectiors (orifices ard pipe9

Fig 2. : schene of the set-yp for rain-ou measuremest

Fig 3. : photograp of thejet with the capturebasirs .

Fig. 4.: schene of the set-ip for dropld size measuremen

Figure 5 : Photograp of teg section ard PDPA (nojet).

Fig. 6 : typicd PDPA measuremenocatiors

Fig 7.: d32 measuremedraccurayg versis dropléd numbe (smal droples ; whole population)

fig. 8.: Experimenthreservai conditions Wate jets from orifices

fig. 9.: Experimenthareservoi conditions Wate jets from pipes

Figure 10. : Mass velocity verstis relative reservoi pressue (orifices

Fig 11. : mas velocity versts (Pres - Psat (Tres)) (piped

Fig 12 : Spatid distribution of rain-ou (D2 orifice).
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Fig 13 : Spatid distribution of tain-ou (D2L100 pipe)

Fig. 14 : influence of pressue gradien on internd 2-phag flow structue

Fig. 15 : rain-ou fraction versis reservoi temperatug (pipes)

Fig. 16 : rain-ou fraction versis reservai temperatug (orifices)

Fig. 17. : Numbe size distribution at differert reservai conditiors
(200 mm down-streen from D2L100 pipe

Fig. 18. : Numbe size distributian at differert reservai conditiors
(200 mm down-streen from D2 orifice)

Fig. 19.: mas size distribution at differert reservai conditiors
(200 mm down-strean from D2L100 pipe

Fig. 20. : mas size distribution atdifferert reservoi conditiors
(200 mm down-strean from D2 orifice)

Fig. 21. : mas % of large droplet versis reservoi temperatug

Fig. 22 numbe size distribution atdifferert locatiors

(D2L100 pipe, Tres = 397K; Pres = .82 MPa)



Fig. 23: numbe size distribution at differert locatiors
(D2 orifice, Tres = 437K; Pres = .82 MP3)
Fig. 24 mas size distribution at differert locatiors

(D2L100 pipg Tees = 397K, Pres = .82 MP9)

Fig. 25: mas size distribution at differert locatiors

(D2 orifice, Tres = 437K; Pres = .82 MP3)

Fig. 26. : Chang of mean SAUTER with distane from the pipe

Fig. 27. : Chang of mean SAUTER with distane from the orifice



D2, D5, D8 D2L100, D5L250 D8L40

Fig. 1.: schene of the teg sectiors (orifices ard pipe9
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Fig 2. : schene of the set-p for rain-ou measuremest



Fig 3. : photograp of the jet with the captue basirs.
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Fig. 4.: schene of the set-yp for drople size measuremen



Figure 5 : Photograp ofted section ard PDPA (no jet).
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Fig. 6 : typicd PDPA measuremdrocatiors
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Fig 7.: d3, measuremdraccurag versis dropld numbe (smal droples ; whole population)
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