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Asymptotic M odeling of Crydallisation in Two L ayer sSysems
Application to M ethane Hydr ate Formation in Batch Reactor.

Michd Coumil® and JeasMiichd Heni

Ecole Nationde Supérieure des Mines de Saint-Eiienne, Catre SAIN, URA CNRS® 2021, 158 CoursFaurid 42100 Sant-Etienne

Cedex 2, France

This paper proposesto re-vist theproblemof gasHiquid aryddlizationintheframework of atwo-ayer modd andwiththehdp
of data.coming from experiments on methene hydrate cryddlization in asami-betch reector. Prdiminary quantitativediscussonof
the order of megnitude of different effects makes posshleredidtic smplificationsin thetheoretical modds In particular, therde of
the interfadd film is dearly defined. As previous authors did, we use a formulation in tarms of moments of the aydd sze
digtribution, however we are nat interested in the numerica solution to the corresponding differentia system, but we proposea
genard procedureto expressandyticaly the asymptatic behaviour of thephysicd system. Thankstothisformulation, influenceof
different parameterscan beeesily identified and validated on avalableexperimentd deta

1 Introduction

Gasliquid arydllization can bedescribed by theoverdl reaction’

Asgy PP ® GAagig  [RY

in which A, 5, is acompound dissolved in an agueous solution
and p and q ae soichiometric codffidents are freguently met in
indudrid or neturd sydems This is for indance the cese of
cabonetation of lime water. The later case hes been extensvely
sudied by (Wachi and Jones, 1991 ab; Jones et al., 1992) and hes
givenriseto comprenengveinterpretations

Gashydrate cryglization can be d <o represented by a[R1]-type
reaction in which A, would denate sSmply water and A; the gas
hydrate phase (Englezos et al. 1987 ab; Skovborg and Rasmussn,
1994; Heri et al,1999).

Modds are generdly based on the assumption of a twolayer
configuraionwhichcondgsof :

i) the sypefidd film a the gasliquid intaface in which
absorption and diffuson of the gasinto the liquid phase take place
(possbly accompanied by reactions between dissolved spedies); this
zone, of both high supersaturation and high concentration gradient
vauesindissolved ges, isfavourableto primary nudedion of aygds

ii) the bulk zone in which arystals develop manly by growth;
thisisaregion of lower concentration valuesand nearly zero gredients
dl themoreso sncethemediumisgenerdly dirred.

Classcd modd stekeintoaccournt:

1 bedcequdionsfor the gasdiquid messtrander (filmtheory)
accompeniedwithkingticmoddsof chemica reections;

2 equdions for the didributed caysd population ad
dissolved gasmassbhdances,

3 ayddlizaionkingticlavs

The assodaed methemdticd prodlem is a patid deivaive
eguation (PDE) problem when smplification cannat be introduced
(Wachi and Jones 1991) or an ordinary differentid eguation prodlem
when smplifying procedures or assumptions (Seedy gate; useof the
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crysta population moments) can be gpplied. (Englezoset al. 1987 ab;
Herietal,, 199

In this paper wewould liketo revisit severd aspects of gesiquid
precipitation in the framewark of the two-ayer modd. Paticulaly, the
different assumptions concerning ges trandfer through the interfacid
film, aysd growth, nudedtion and trangpart in this film will be
examined. Then, wewill proposeagenerd modd of arydtlizationand
discuss some posshle smplifications particularly & later sages of the
process. The main origindity of this paper, however, is to propose
andyticd lawsfor thesystem asymptotic behaviour ; these predictions
can be essily compared to exparimentd results and give in severd
Ccases quattitative estimation of themodd parametars. This gpproach,
athough generd, will be supported (and possibly vaidated) by the
expaimentd context of methene hydrate ayddlizetion (Hari et al,
1999) for whichwehavemany resuits

2 Modds

Syg¢em configuration. We condder a verticd cylindrica dirred
reector filled with weter. The liquid height, volume and crasssection
section areaarerespectivdly denoted by H, V, and A zistheverticd co-
ordinate (thegesiquidinterfaceislocated az=0) ;

tisthetime Two zonesareconddered (Figure 1).

- interface layer: theintarface layer, of thicknessdischaracterised
by a concentration profile c(z t) in dissolved gas. The boundary
conditionsare: ¢ (0, f) = Cye and c(dlt) = at); Cc isthegesoluility;
) is the bulk concentration. The arystd diameter density function
should be condderedinitsloca, zdependent form, n'(D, z t) expressd
per unit volume Astheagitation Sate of theinterfacelayer isprobebly
wesk, wecongder it a ret asother athorsdid.

- bulk zone: due to the efect of dirring, the concentration in
dissolved gas G{t) and the crysd diameter dendity function per unit
valume, nyD, t) areconsidered asindependent of z Theagitation date,
imposed by the dirrer, is assumed to be uniform and completdy
charadterissd by thedtirringrate



Inwhat falows superscript ' will be used to dencte varigbles or
peraneters rddive to the surface layer wheress bulk vaigbles or
paraneeswill bewritten with subsipt b. Vaiaoleswithout perticular
indication arerdativetothesystemor toboth zones.

Gas-liquid interface
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Processss

-gasabsorption

The ges dbsorption rate per unit volume r(t) is expressed by the
wel-knoan rdaion (Mehtaand Sharma, 1971):

rt)=kaCe—o(t) @

aisthemasstrander surface areaper volumeof ligquid andk, the
masstrander codffident. In the experiments reported here, k aranges
between 0,001 and 0.006s ™

-masstrangportin theinterfacial layer

In the two-film theory, the interfadid layer thidkness is ootained
fromtherdation:

_Dsa

d ka @

inwhich D isthe dissolved gesdiffusivity. For indance, dranges
between 10 and 50 nmin(Heni et al, 199). Thus theintefaod layeris
very thick compared totheusud haight of thereactor(0.2m).

Conoattretion is maintaned a veue Cy by the gesdiqud
equilibrium &t the externd interface: Crydallization oocurs because Cy,
is gregter then Cg, the equilibrium concentretion in presence of
aydas Concentration in the bulk, ¢, isproved to bedoseto C, &
leedt, a late Sages of the aryddlization process This means thet
upersaturation sharply decresses throughout the film layer. In ges-
liquid predpitation experiments, visud absarvations dearly show thet
nudedion mainly tekes place in the intefadd film from which the
nudested arydds are then trandferred to the bulk where they goon
growing. According to the authors this trandfer processis differently
desribed. Wachi and Jones (1991 g) dtribute it to Stokes-Eingan
diffuson whereas Englezos et al . (1937 alb) condder thet nudel gppeer
in the film and are indantaneoudy transferred to the bulk as soon as
upersaturation conditionsare cregted. We propose hereadiscussion
on the inte-layer trandfer process by taking into account Stokes
diffuson, floating and crystd growth.

The Stokes-Eingan diffuson codffident Dy of agphericd pattide
of dameter D' isgivenby :

- kT
De=2 oh D d

in which Tisthe temperaure, h, the dynamic viscosty of the
liguid mediumandk the Boltzmenn condart.

Mehane hydrate patides immersed in water move upwards
(floeting) because they ae lighter then the flud medium. Therr limit
veodty wisgivenby :

D2gDr|

ATy @

g denotesthe gravity and | Dr fthe abosolute velue of the dendity
differencebetweensalidandliquid.

Rdaive importance of Stokes-Eingan diffuson and sttling
floating can be judged from the corresponding patide flu, ie
repectivey :

Jp=- DP% G
andJ=n'w ©
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For the methane hydratewater sysem (Heri et al, 1999), te
perameter typicd vadues{T, d|dDx [} aerexpedtivdy: {275K, 30 rm,
912 kgm? . Sokes-Eingtein diffusion s preponderant for D' <065nm
Thisarysd sizeisreached in about 19s (growth rate G » 2 nmmin'™).
Thefloating time: t (== dv”) isequd to 143 s.. From the oder of
magnitudeof theseva ues it gopearsthat, onceacrydd isnudegtedin
the intefadd film, it rgpidy reeches a sze for which diffusion is
negligible ; this meansthat itsmotion is essertialy ruled by flotation.
Mog crydds of methane hydrate are nudegted at the gas-dlid
boundary, where supersaturationis maximum. Asthey are lighter then
weter, they tend to move upwards to the gesHiquid intaface where
they go on growing. Ther trandfer to the bulk zone is due to
entrainment by the bulk flow, however should occur only beyond a
minmumsze @

-crydtallization processes

The arystdlization processes are presented independertly of the
reector zoneinwhichthey occur.

Classicd asumptionsaretaken for thekinetic laws of thedifferent
aryddlization processes:

i) linear gronthrateG:
— p - C

Gek,sP, (s =5~1) ®

in the congdered medium ; C, isthe euilibrium concartration in
presence of the solid phese ; condant k, is assumed to be
independent of crydd diameter D (Mac Cabesmplification), however
possibly dependent on giring ; pisacongtant, of typica vaues1or 2
(Gardde 1985; Dirksnand Ring, 1991).

ii) primary nudeationrateB; :

Theproduction rate of primary nude per unit volumeisexpressed
aooordingthedassicd expression (Nidsen, 1964):

B e<p(— b/[Infi+s) 2) ©)

or more simply by B;=k;s" 10

inwhich k; isacongant and n, postiveexponett; can commonly
teke rdatively high vdues (5 to 10). The nude are supposad to be
aegeda azaoinitid 5ze



iii) secondary nudestionrate B,:

The production rate of secondary nudd per  unit voume is
expressd by (Gargde, 1985):

B=k.s1"m, ()}

inwhich k, isacondant, generdly dependent on agitation, misa
positive exponent ranging from zero (purdy mechanicd origin of the
nudd) to rdaivey low vaues (typicdly 2 to 3 ; case of “true’
ssoondary nudeetion). (Gardde, 1985); my, denotes the second order
moment of thediameter digtribution (proportiond tothearystd surfece
aeaper unit vaumeof themedium). Asbeforefor primary nudegtion,
theinitid 9zeof thesecondary nudd isassumedtobezero.

iv) agglomeration:;

The agglomeration kemnds depend both on agitation and
upersaturation (Houndow et al., 1988). Therdeof aggomerdionin
the different crystd population belances will be represented by an
additivetem A whichwill beexpressed later on.

Moaodd dynamic equations 1n this section we present the generd
dynamic equations which describe the time evalution of the system,
paticulaly of the concentration in dissolved gas and of the arystd
dengty function and the smplification which can be assumed in each
zone

-massbhalance

Inany point of thetwo zones, themassha ancein dissolved gasis
epressd by the gened patid deivdive eguaion
oo km o T3

TV @

J is the molar flux of te dissolved gas, m, the second-order
moment of the arystd digribution, v,y thesolid mdar volume andk, a
crysta shape congant (k,=p/Zor pheicd patides).

bulk zone:

Asthebulk zoneissupposed perfectly mixed, Equation (12) isnat
rdevat, a leegt in the present form, it should be replaced by the
fallowing glabd blanceusngrdation (1) :

kvm
%_ib:kLa(cext- G} TG, ®
'mol

interfacial layer:

As commonly in the framework of the film modd (Welty et al.,
1989 ; Besk et al. 1975), comparison between thegasabsorption flow-
rate and the gas amount actudly consumed in theinterfadid layer can
ugoest amplifications

Raiod Ibetweanthetwo flonrratesisgivenby :

=k, alCea- c, H / KM, 5 14

VmoI

Denating f thevolumefradion of solidand D' thearysta meen
dameter in the film, assuming Co>> 6, and a» IYH and using

rdaion (2), weobtainangoproximateexpressonof a:

- P 1
937G P'g 2 “et'mol (€]

The parameter typicd vdues{D', dG, CoeVing} @: {5 30rm,
2rmmin’, 72 x 10% for methene hydrateinwater. Dg =5x 10° nfs*
andf isetimatedtoO0L.

The corresponding cdaulated vaue of  gis 200 for methene
hydrateinwater. Dueto theuncertainty of thedifferent parameters this
vaue is quetionable, however probebly redidic. This proves thet
ayddlization weekly dfects mass trander in the intefadd layer
consouently, from Equetion (12), it falows thet a linear profile of
concentration ranging between G, and G, can be assumed in the
interfacid layer a thesteedy Sate.

-crystal population balances

The arygd population baance is expressed by thegenerd partia
Oerivativeequetion:

I n ) J. —

ﬂt+e% B, 32+J11E Pag=0 (16)

where the population density function n depends on diameter D,
timet and height z Hux Jreferstothedirculaion of thepartidesinthe
system (J; Jr, asmentioned beforeor convection flux).

interfacial layer:

We propose sevard amplifying assumptions for the interfacia
layer.

- Seady date: thisisjudified by the smdl extendon of thislayer
anditscongant exchange with the gassousamosphereand theliquid
bulk;

- lineer profile of concentration in dissolved ges and negligible
ayddlization processss (e growth, agglomeration and secondary
nudestion) except of course primary nudeation: thisisjudtified by the
cdalaeda;

Taking into accourt too that partides nudeated in the film are
rgpidy trandferred to the bulk by flow entrainment), their arting Szein
the bulk is probably little digpersad and smdl. Thisisthe resson why
we give up cdeaulaing it accuratdy ad we redrict the rale of the
interfadid filmto anextemd sourceof nudd whichfeedsthebulk of the
reector.

Averaged nudegtion raeB_'l can be cdeulated from integration
of Equetion (10) over thefilmtogive:

= _ o SBi-s,"
Bl Ml sex- Sbb (1D
Seand s, ae the supersaturation levd respectivdy a the ges-
liquidand & thetwoHayer intaface
bulk zone
Population baance is deduced from generd equation (16),
however taking into account the bulk homogeneity and the feed in
nudd fromtheintafadd film; itfalows:

oG- ABi-By By Aw=0 (3

In the dasscd crystd population baance equations (Randolph
and Larson, 1988), paticulaly intheframework of the MSMIPR modd,
nudd are gengraly assumed to be gengrated & initid zero sze This
amplificationis cartainly vaid for nuda aregted by primeary nudestion
(By) or “trueg’ secondary nudestion (B, ; Equation (11) with mJ 0).
However, acoording to previous discussonsin thistedt, it is catainly
quedtionable in the case of  the nude which are produced in the



interfagd film and then trandfered to the bulk (tem  &; ). Wepropose
to condder anon necessily zeroinitid Sze(D' ) for thesenude.
moment equiations
Thefirg threemoments of the arysd Sze distribution by number
ae:

M= Q(D).dD 19
Mu=Q(D).D.dD @
Mex=cyu(D)D2dD @)

Thepatid derivative equaion (18) resutsin thefdlowing momernt
equetions:

A=A 1,48, S0 @
=G, m, +d B} b Kaogom, @
dT”%:zGanw%BaD'a- b Kesdm, )

Preence of tamsin BY, in Equations (23) and (24) resitsfrom
the possihility of nude of non zZroSzeasdoresad. Lag tamsof ft-
hand dde of these equations are due to the contribution of
agdomadion Ky kb, b ae podtive condants).Thee are
goproximate express onswhich assume condant agglomeration kerndl
and take into account the experimenta shepe of the aydd sze
diribution. This Smplification has been introduced and vaidated in
(Heni et al., 1999) inthecaseof aydalization of methanehydrate

As/mptatic sdution to the prablem. Salving Equetions (13), (22-
24) requires numericd integration which presents no paticular
difficuity, however isnat sraghtforward (Englezoset al. 1987 ; Wachi
and Jones 1991, ab ; Heri & al.,1999). Sendtivity to the system
paangeas dealy gopears in thee resits however cannot be
described in smple words. We will prove here thet the asymptatic
solution of the problem can be found in an andyticd form the
paranges of which are the charatteridtics of the sydem and the

processes.
- mathematical procedure
Thecdculaion proceduregtartswith themassba anceequation::
90— alCor-0) - k\vl—mbe 13

In preﬁwoeof arydds thevarianceof the present solid-iquid-gas
sysemisequd to 1. Thismeansthat, a giventemperature, equilibrium
conditions are detemined, particulaly pressureand temperature I, like
here exterd pressureisfixed a avaue Py higher thentheenilibrium
vaue Py, (or equivaently Coe>Cy), the system continuoudy absorbs
gesto cregte new crystads. Thus, my, continuoudy incresses and is
assumed to be asymptotycaly proportiond to: t* whereaisapositive
exponent.

Remark : in presence of agglomeration, the Situation is more
complex and will be examined in a next paper (Cournil and Herri,
2002). For themoment, weassumethat K .5iszero.

As in Equation (13), produt G, m,, should keep finite values
G, hecessaxily tendsto zero, thusisof thefarm:;

G=Kt? >

Thus from(8), G, tendsasymptotycaly toCe,

Putting theseasymptatic v uesinto (13) gives:
mZbZAta .9

with: A—k anexth| (ZD

Asymptaticvdueof thenudedtionrateinthefilmis:

B =Kss, e

Thefollowing Sepsof theprocedurecondst of :

i) puttingmy, and G, into Eqn(24) and derivingmy,

if) puttingmy, and G, into Egn (23)and derivingm,

iii) putting my, into Egn (22) andidentifyingaand K

iv) expressng the different moments and charadterigtics of the
crydd population (partidenumber and meendiameter).

-typical cases

The previous procedure can be gpplied to different Stuations of
determining arydlization processes

-filmnudeationand bulk growth

Inthiscase, thebasic assumption isthet nudeation only occursin
thefilmandisnegligiblein the bulk (dueto too low supersaturdioniin
thebulk).

Bquations(24), (23), (22) canberepectively smplifiedin:
I —26m+d B0,

PG, +dB1D,

amy_dp:
dat H
Applyingthepreviousproceduresuccessively gives:
my=sfatm1-d-BiDgr @
m=5-ala- 12 d-BiDgt=s- ABDyr
(€Y)
1= %(Za-lﬁa-z)&“‘ . a

- KZ(Za l)DthZa 2- At

Thevduesof aand K are obtained from idertification according
tothepowersof tin Equetion(31) :

azlandKisarootofthe equetion:
__AH n+l
KTk g, k2P KD

If the initid dze of the nudd tranderred to the bulk can be
neglected, then using do (2) and (27), we can expressrespectivealy K,
N, the asymptatic number of arystasin the bulk and B, their meen
gze:

_Dgak S5
t
kLajln+l @
1
51) :g(kLa)ZCqumH n+l 93 @
g 2Dgakv k S8 E
Conseouently, in this case, the number of arydds increasss
linearly and their meen Szekegpscondant.



-filmnud eation, bulk growth, and bulk secondary nud egtion

In this case, we dill congder film nudedtion and bulk gronth as
determining, however wetake o into account secondary nudegtion
which could play a part because of the continuoudy incressing
surfaceareadf thecrysds Asprevioudy weconsider that D' =0,

Equations(24), (23), (22) can berepadtively Smplifiedin:

A 2a-1
mb—mat (€2
nbb-z—ﬁga(Za-l)aﬂ-z @
kS8« d, 3a-3
Fram (8) and (1) fallows:
=k {Gfko P @

Usng (8) and the expressons (25) and (26) of the asymptatic
vaiaionof Gandn‘g)wimﬁmevvetram‘mn(SY)in(:B):

%ﬂ rake v i Po=Aaloa-1)3a- 2)-a

kG

Identifiction according to the powers of t is a litle more
complicated than previoudy. Two casesshould beconddered :

8 3a3=0,ie, a=1 however with: m> p; this|atter conciition
expresses that secondary nudestion rate should depend more on
upersaturaion then growth rate. Thisbehaviour israther commonfor
“trug’ ssoondary nudestion. If these conditions arefulfilled, case @) is
aymptaticaly smiler to the Stuation of film nudegtion-growth bulk
whichwasdiscussad just before (Equations (32)-(34)). Thismeansthat
asymptotycdly bulk “true” secondary nudedtion is less adtive than
filmprimery nudegtion.

?—m(? =3a- 3,ie, a=—3
Pg

2

however, with m< p ; as explained in the previous section, this
latter condition is not frequently met for “true’ secondary nudestion;
however, it is obsarved of course in the case of purdy mechanicd
nudei generation (m=0).

Therespectiveexpressonsof asymptaticN,, and D, ae:

N,= K aceqsextvmol HS _toa-2

Kfala- 1)f 16 "G eke (35 )
e

e el iy el
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Bb _——1_ H tra
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Stirring rate
= 250 rpm 1" 450 rpm
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FHgure2 Timeevdution of aystd mean dameter (8) and number
per unit volume (b) a different girring rates during methane hydrate
ayddlizationa 30barsand 1°C

In the case of sacondary nudestion of purdy mechanicd origin
(MG, a=3/2), theszexpressionshecome:

1
€15 u2
— &6k, H
N, = 3K, aceqSemeo| HS,(2 (39 Do= S’L 20 @
2 2
22815 Y !
g4k [

3 Comparison with experimental data

Thetheoretical results are now examined in the framework of the
dreedy mentioned experimenta study of (Heri etal., 1999) onmethene
hydrate crystdlization. Thiswork is very rich in data because of the
indrumentation of the reector with an optica sensor for inStu partide
Szeddemingions

Agresment between theory and expeariment will be discussad in
sevard agpedts:

Timeevdution of arysta number and meaen diamee at different
girringrates InFgure2, werecdl expaimentd resultsobtained by us
(Heni et al., 1999) onmethanehydrate cryddlization. According tothe
dimingrate thetimeevaution of thecarystd dendty and meendiameter
isquitedifferart.

Concaming theasymptatic law of varigionwith timeof thecrysd
meen damge and aydd numbe, if we reoresant them usng
respectively alaw int® and alaw int® weobtain thefollowingresuits:

b<0ande> 1ahighsiningrate(500mm)

b=0ande=1a medumvaues(400mm)

b>0ande<1alowdiringrate(250mm)



These rests are quite condgent with the different theoretica
possihiliiesweconsdered before, i.e, respectivey :

i) case of film nudegtion, bulk aysd growth and secondary
nudestion (with mp = 1/2 & 500 rpm); this latter assumption is
paticulaly plausible, because high dirring rate can result in aysd
erogonor dtrition;

i) cae of film nudestion and bulk aysd growth (a thee
moderde dirring rates, aggomeration and fragmentation have
oppostesomewhat beanced effects);

iii) cage of film nudegtion, bulk arystd growth and agglomeration ;
a thelowest girming rateagglomeration overcomesfragmentation

Influence of dirring rate on the aysa mean diameer. We
congder only expaiments in which primary nudestion and crysd
growth are preponderant, thet isto say with condant asymptotic mean
dameterDy, .

Fom Fgure2, it gppearstha Bb increessswiththedirring retein

therange [350 rom - 450 rprm] for which D, is nearly independent of
time The previousmodd predicts the fallowing asymptatic vaue for
thisdamdter:

1
_ :g(kLa)zCeqv,m,H n+l 93

D, g 2Dgakv klsé‘x'tl;

In this expression, the most dependent factor on stirring rateisk,
whichisknowntobeanincressing function (Wachi and Jones 1991b,
Heri et al., 1999). Thisisquiteconssent withtheexpaimentd resuits.

3

4, Condugon

In this paper we propose a new discusson on gasdiquid
arysdlizetion in the framework of two-film modds Assumptions and
interpretations are sysematicaly placed in the context of the
expaimentd sysem methane hydratewater. Thisleadsusto propose
asmplified, however redidic, expression of the process dynamicsin
the fom of a sydem of differatid eguetion in dissolved ges
concantration and crystd distribution moments. Insteed of salving
numericaly this sysem as severd adthorsdid, we propose agenerd
and easy procedure to obtain the asymptatic solution. According to
the rdevant aryddlization processss (primary nudestion, secondary
nudestion, aysd growth, agglomeration), the different asymptatic
laws of crysd rumber and meen diamgter varsustime are cdeulated
and found in an andyticd form in which the influence of differant
parameters (dirring rete, Supersaturation) is quantitatively expressad.,
Using these predictions, we can interpret data coming from methane
hydrate aryddlization. In particular, we prove the srong influence of
dtirring ratethroughitsaction on agglomeration and fragmentation.
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