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The bulk of the work on sodiunm chloride
crystallisation was sunrarinoed in a paper pfesented
to the Inctitutica of Cheaical ZEnzincers (London Scction)
in October, 1959.
(32in and Rumford, Tranp. Instin. Chen. Engs., 1960;,§§, 10).
A note has becn publicshed in Chenistry and
Industry: * A spring flowmeter for saturated salt

eolutiona. ©

(Bain and Porter, Chem. and Ind., 1960, Pebruary, p.225).
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sSummary.

An investigation was nmade of the crystiallising
properties of sodium chloride, sodium thiosulphate
a-pentahydrate, and barium hydroxidc octahydrate, in
fluidised beﬁ crystallisers. The operational
proceedhre wag cither to grow batches of crystals
under known dcgréo of supcrsaturation to detecrmine rate
6f grovth, or to grow cryétals continuously to
deternine erystal size and quality.

It was founa that the dirfusive presenitation
of solute to the crystal surface was, in general,
slower than the rate of surface reaction. - Thise was
probgbly caused by the low relative velocity 6f crvstal
and soluilion in fluidised beﬁ crystallisation, snd by
the imperfectiéns in structurc produced by the
~collisions in the fluidised bed. Typical mass
tranefer.coefficients are 80, 4, and 50 gms./cm.a x hr.
X gn.f c.c. for the three solutes, in the order given
above.

The érystals showed a resistence {o growth
below supersaturations of the order of 0.5 gnms.|litre,
which agfees with the work of Purton and Cabréra,
(Disc. of the Far. Soc., Ho.5, ' Crystial Growth" , 1949)
who showed that a lower metastable limit for growth
is possible. |

The effect of temperature on growth rate was
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found to vary with the solute. Sodium chloride growth
rate increased with tenmperature, while sodium
thiosulphate pentahydrate and bariunm hydroxide octéhjdrate
growth rates remained almost conotant with temperature
increase. |

Under producfion,conditions in the crystalliscr,
at some specific woriking temperature, tho mztastable
limits for bulk nucleation are 1.6, 50, and 2.8 gms.]litre,
(supersaturation coefficients of 1.005, 1.048, and 1.025)
for the three solutes. Just before supcfsaturation
reaches the metastable limit the crystals become
covered with protruberances which probably signify
dendritic grOwth, and poor crysial structurae.

The measured rates of crystal gféwth shaoved an
adequate degree of repeatability;<and it was possible
to scale up results from a one inch dismeter batch
cooling crystalliser up-to a one ;6ot diameter continuous
evaporative cfystalliser.

The product crystal for egch golute was greater
tﬁan 16 mesh under continuous pfbductibn condifions,
with no dust present. The crysfals were hard, tended
to be sphéridél, and had a good lustre. Production
rates of 2 m.m. crystals were of the order of 40 1bs/ hr.
X ftog of crystalliser eross-sectional area, provided

a suitable height of fluidised bed was availablc.
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A. Introduetion.

1. The Procesa of Indugtrial Cryatallisation.

{a) Commerciol imporiance.

The industiiel importance of erystallication
lies in the fact that o crystal produced from & crude
solution may be itself vexry pure. Also, the crystals
obtained are in a very suitable form for handling,
transport, and storage.

The gize end sppserence of the crystals are es
importent commercially as the erystal purity. A produet
of large, uniformly sizoed crystals, with a good lustre,
will seil more readily than o badiy agglomerated product
containing & wide range of crystal sizes, and there
will be no -dust problem. From the producer's point cf
view a uniformly sized product is superior becauss it io
more easily washed, filtered, and dried, end will
contain & gmaller anount of cccluded mother liquor.

Tha larger the crystal size, the smaller becomes
the surface arece per unit mass of crystal, with the
rﬁsult that there is less chancs of caking on storege.
Thigs is very importont, since & zoek of wnell, uneven
slzed crystals can get into a concrete like mass under

humid conditions.

(b) Industrial crystellisers.
The simplest type of crystelliser is the tenk

cerystallicer, whera the golution is ellowsd to evaporato



slowly, &2 in 20lt pano, or whkars hot caturated
goluticn io ellowsd t5 cool olowly %o the cabient
temperaturo. The stognant solution gives low hsat
‘end mass transfer, ond a tenk crystalli 2r has a low
production capaoity, the labcur costﬂ oro high,

end a large irregular crystal is obtained which is
impure by occlugicn.

The direct devolopment ¢f the tank crystalliscr
is the ﬁulffoBock erystalliser. A hot saturated
zolution is cooled by natural convectlon, but the
erystalliccr ic rocked frea side to side, giving better
ﬁésé'transfer. Tha cepacity is low, but & large
unifbrm.grain is dbtained.

Agitated batch crystallissrs and Swenson-vialker
erystallisers have water coolcd heat cxchange ﬁurfaces,
and are agitated %o increass mass end heot trancfer.
The capacity is higher than that of ths pxevious unitc,
and the grain felirly unifomm in 0izo.

Crystallising avaporators give vory high
procé= tion ratea, and are normally very arficient heat
transfer units with little control over crystal siza,
glthough by control oflmagma denglly and use of foreed
girculation largs cryetals can be produced.l A vozy
importahﬁ exception is the Sugax boiling pan, which is

opzrated on & tatch besis. The emphasis in cuger
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orystellisation is on uniformity end quelity of grein
rather then high production rateas.

_ The Kryatal, or Oslo process of crystallisation
was invented by F. Jeremiagsen in 1930, and was designed
to give controlled crystallisation together with high
production rates. The product is characterisad by
the remarkable uniformity of size, end the tendency for
the crystals to be roundad.

The process is continuous, end control ip
obtained by oupersaturating the ligquor in one seétion,
and depositing tho excogs solute on & "fluidised" bed
of erystals in another part of the apparatus. Thus the
apparatu s mey be split into two parts, a heat transgfer
section which may be designsd according to the laws of
heat transfer, #nd a mass tranafor caction vwhich tales
adventege of the repid mass transfor in fluidiged beds.
The supersatursation may ba produced by cooling, evaporation,
or "vacuum cooling".,

| An adventege of the clessified fluidised bed is
that only fully grown crystals should be taken fron
the lower levela, the smaller czystals being suspendad
ot the top of the dbed. The crystalliser may also be
operated with a "rotating mixed b2d", sz in orystallisaing
cvaporators, in which cese & 1ess_uniform product is

obtained.
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(c) Tue denirm of Andusiriel cryotolliacrsa.

Eofoza o erystollicaticn plont can be desipgnod
the chemleal enginsor =uot have nowledge of ths

following physical data for the solute %o be crystallised.

The temparaturg-solubﬁlity relationship of the soluta.
Ths tcnporaturc-solubility relatlonchip and the

heat of crystalliczation are esseniicl in order that

maés end hzet balenesa nay be propared. An Oslo

crystalliser may be econsidercd &3 a constant volunme

reactor whose operating conditions are governed by ths

| cryatd lisation process, and the fegd, product, and

waste flows are calculated from the above rolationships

to glve the dosired production rate,

The rate of growth of the soluts eryatals.

Lach solute hes a egpecific rate of growth which
nay be expresced as a nmass transfer coefficient. The
mags transfer coefficicnt is ucad to caleculate (1) the
curfece arsaa required to remove the supersaturatlon
from the colution, and hence the mass of crystals which
rmst alweys be retained in the crystolliser; end (2)
the linear incrsnss in size of the crystals per hour, and
hence the retention time in the crystélliser fo give
the desirsd product size.

The rate of growth is affected by the degreo

of cupersaturstion, the tomperaturs, -solution purity,



end the relative turbulence of exyatals end ablution
in the crystalliser. Crystal quality is & function
of the rate of growth. Tco high growih rotes cen give
badly formed crystale,g or crystalo w,ith large ooclusionsa
of mother liguor, cad tho nerimen pernisgedble growth
rate which will give good quality crysitals jmuét be
found experimentally, '
o Tho metastable 1limit of ths sgolute.

/{\ If there is insufficient erystal curface arsa

present in the cerystalliser then the supersaturation

will incrcase, until either the growih rate of tho
crystals is sufficiently large to abacrdb the solute,

or until new solute crystals start to form. In an

indu sti-ial erystalliser new crystals are continually
formed becauss 'af" local concentration fIuctuations,
crystel attrition, etc., but once a supersaturation
characteristic ox the solute de. reachdd then. nucleation
‘rates become very high and uncon‘trolled. - Thia 1imiting
concentration is lmown as the metaptable limit, and in

order to obtain large unifomm crystals, industrial

erystallisation should take place in the region between
| the solubllity concentration and the motastable limit.
\/ Product crystal size.

The size of the product erystal is dependent

on two main factors. | Firsﬂy, the greater the
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nuelcation rate the cacller tha I}ro &ict crystalo will
b3, cnd secondly, the greater the crystal retention
time the lerger the crygtela vAll be. The gizo of
the product crystals will be governad by the natural
nmueleation rato of the crystallicer, unleos e fraction

of the nuclel are removed.



w7

O lueleotion,

(a) Selubility and sunsraoclubllity in aqueous golution.

Ths dsgroe ¢f solubllity of subatances in wetsr
varies widely fron subatances such as sodium thiogalpheia
pentahydrato, which dizgolves in ito ovm water of
crystallisation at 48°C, cnd is thersfors continucug
with fucicn, dovm to substances like barium sulphate,
end in the extrcae ceze, the metals, which ars insclubla,
for all practical purpoess.

The ccacoentratioh of solute which the solvents
can hold ia dotermined by thes tenpereture, A plot of
oqulilibrivm concentraetion of soluts 1a solvent cgainst
temperatur: is knovn ag the "colubility" curve, end
solutes can show incrsase, dscrcess, or rsnein almos?t
eongtont in go0lubllity with rising temperatura. Such 2
curve shows ths taﬁal golvbility, which wifh.an
ioniegable calt includes both ioniead and non-ioniéad
portions. |

Now 1% kas long bson known that e satuzatod
golution, free of oryatals, cen be cooled slightly
wvithout depositing crystals, and the aolution is ‘hen
overcaturated at tae lover toﬁperatura, or in a atats
of supersolubility, or supersataration. A cataratod
solution con clso bo mede supersaturated by absitrection

of solvent, or by cdcéliicn of a sscond solute with a

common icn.
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‘the pioneor work on supersolubllity was performed
by Ostwald,4 end further eiaboratzd by micrs.s
The vicwpoint of liiers is shown in Pig.l. The syoten
consists of threo regioﬁa;unsaturateﬂ,metastable. end
labile. The solubility curve separates the uncaturatecd
and metastable regions; and the metaetéble limit, or
superpolubility curve, meparates the motastable gnd »
lébile regions. A ecrystal placed in unaaturated solution
will dissolve; & crystal placed in netastable polution
will grow, but no new cryoctals will be formed; and in
the labilo region new crystals are recadily formed
spontaneously, or by the slightest shock or disturdbance.
The further the labile region is pehetratcd, the more
unstable it becomes, although there is the possibility
that increasing viscosity with supercooling will tend to
freezo the nucleation rate, cnd a glaes, or ﬁon—crystalline
golid, will be produced. o -

The main objection to the tﬁééry of Iliers is the
abruptness of tho chﬁnge fromz one region to the other,
as represented by the aupersolubilify curve. For example
de COppet6 foﬁnd thaf strongly supersaturated colutions
nucleated rapidly, ﬁut less strongly supersaturated
solutions also showed spontaneous nucleatioh, but after
a grogter length of timec.  Hoe cohaidereé that thc
probability of nucleation'indreésed with supersaturation,

but without any definite limit for spontaneous nucleation.
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Young? claimed that all the metagtable region
of lMiers is capable of crystallisation if sufficilently
8trong mechanical shocks are applied, and that the well
known inoculation of supersaturated solutions by smell
foreign particles, such as dust, is asctually caused by
mechanical impact between +the particles.

Preckshot and BrownB found that solutions were
more easily nucleated by crystographicélly gimilar
substances than by spontaneous nucleation, and trat
nuclel alveys appeared, though at vory =mall supersaturatiocng
the waiting +time might be very long,

(b) Theories of sgupersolubility.

Experimental work by Iule®bt and later by Van Hook
has proved that very tiny solute particles are more
gsolutle than large particles. |

The first theorstical expression for increase
in solubility with décraasing particle size was glven
by Ostwald.é

Let r be the radius of a spherical particle and v, iis
nolecular volums.
The volume ¢f a particle 13‘4/3 'Tfra and the number

in 2 gram molecule isg 3/ ¢ 20
3 PY

o
Tho surface of each parficle ias 4wx , and tho totel

surface of & gram molecule will be 0 = Svmjr



10

Let ry, be the radius of a large particle and rg
the radius of a snell particle, and the corrosponding
golubilities ba O, and Cg. ' Consider the transfer of
a small quant:lt'y of particles of radius r; into tho
ceme mass of paz-ticles of radius r;.

‘Then by equ_ating osmotic woxrlkt done and changs in

gurface energy,

c 1 1,
2B
RT ln Cy = 3 Vmg(‘fa ."?1)
where ¢ is the solid-liquid surface tension.
If the large radius r; is made infinite, C;

bsecmss Cop  OF Cg, the nomal sclubility, and

336

Mlog%‘g = 3Vm.d('!£:) =ﬁ-;1’“

vwhexre o _ is the molar density.

F:r.-mmdl:_.c:?n:"l modified this to road,
. 2C
/’mr

but ths esaentlal argument remained tha sam2.

The flaw in this argument iz that infinitely
small perticles would have an infinitely large scuper=
golublility. Klw.]gz.w,l_g3 howaver, postulated an el ctricel

RT log -g-’s’ =
<

charge on mall particles, and, at samo liniting
partiéle size, the elsctrical repulsion betwaen chargeu

on vory small particles overcomss the inoreassed golubility
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produced by purticle size. Nuclei formed in
supersaturated solutions will, of course, be very gmall,
and will therefore tend to exhibit high solubilify°

The increased sdlubility of nuclei has heen
13

approached from another angle by Van Hook.

The Gibba adsorption theor&agtatcs that

L.zt . ad
T RT cC

where s .1s the surface excess of solute over C, the
concentration in the bullk of the solution, Then if
the surface tension increases with concentration the
éurface lzyers contain less solute than the bulk, or,
for a saturated bulk soluticn, surface layers are
ungaturated. A ninute nucleus will thercfore be
unstable, redimssolving in the more dilute layers of
oolution which its own presence has created. Growth
will only occur when the concentration of the surface
layers becomesequivalent to0 the normal solublllty
concentration i.e. when the bulk solution in ht qcme
arbitrurj level of superaaturation.

(¢c) Nucleation rates.

Although it has been seen that very small
particles show supersolubility, ih superéaturated
golutions small pafticlés can be formed ond continue to
groW.

If nucleation bte looked on as the coming together

of two oxr nmore rolecules
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AD + AB + AB + AB++-——1P- ABABABARw~m

then it follows from normzl energy concepte that in
unsaturated solutions the solid complex on the right
has o higher free ehergy level than the moleculéé in
solution on the left. In & saturated solutien there
is only one 1eve1 of energy, while in a supersaturated
solution the solid, in some final bulk forn, has less
energy than the corresponding moleculeoc in solutlon.
Were the reaction in a honogencous medium, equilibrium
would presumably be established between right and left
hand sides at some fixed concentration levei..
The appearance of a solid phase nust interferc with
this simple homogenety, introducing the complicating
effect of a opecific surface energy.

Now Dunniﬁgu hao put forwward the following
analysis of liquid drOp fornation from vapour.

Yhen a liquid drop of radius ry is formed
from 1 mpleculos of vapour, with a,liquid—vapour
interfacial tension d ; the~%a§our pressure p; at the

liquid surface 13 given by

Py 1 2 %
tog 3= = - ° rp

where p_, 1s the saturation pressure of the liquid
at a2 plane eurface, snd v the volume of a nolecule in
the liquid. This equation may be writtca for any one

liquiéd as
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10g -gi = Be -]-'.
co i

whers B is a constant. The ratio of vapouxr at the
droplet surface to partial pressure in the saturated
vapour varies as the reciprdcal of porticle size.
For any superseturated vepour at & pressure pg there
1z a2 critical droplet size ). for.which the eurface
pressure is equel to pi. Than lerger drops than this
will grow, while smaller drops will tend %o evaporate.
If the chemical potential of & single moleculo
in the vapour phass is u,, &nd in the liguid is ug,
the change in‘free cnargy when i molecules pass from
the vapour +to the liguid phesae is given by i(ug-ui).
vWhsn this is carried out by the formation of e
1iquid drop of erea A, the increase in surface energy

is £§A; and the total energy @h@nga is

LG = d({ug-n,) + S A
If AG 1o to be negetive, ag must be the casa
if the change 1s to proceed gpontanzously, thon g
mist be less then uy. |
For o gphexical droplet,

2 4 frx
A=4&wrpy ond 1= ‘g*““éim“

' &
4 7 > 2
Then, AG =7 -'~=-§2“'°- (g=uy) + &4 37 2y



Values for 4G will pass through a peximum
positive value &s ri increases from zero to & critical

value 1), whers

=

rk Wy =llg
The maxirmm value of & Gy will be given, vy

stitution for Ty, as
s _7 5 ®
16 we e Wad v

DO = Slaiens)  °F 4%k T sPr®1og.” 24

How treating ths reaction

i AB qg-ABi
as en equilibria, the law of mass action glves

ng = k'n
whers ny is the number of i embryos per wit velume.
The squilibrium constant k' may alsc be expressed in
terms of Lhe free energy of nucleus formation

= AG = XT log k°
end therefore
1 LG

ng = n OXpe (e ';““ )

}—

If g is the probability that the critical nucleus will

grow once formed, then

gnj = gni

i-a
®

exp. ( -

161 &
or J = 8 exp. ("ziEe iog o1 )

Peo

b

where J is the nucleation rate, and 8§ is a constant.
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Az showmn in Fig.2 whan J is plotted against the

measure of supersaturation Pi o the curve daows a
Peo
rapld increase in nucleation rate when ths supersaturation

reaches a critical valua.

Now this analysis has related supersaturation,
nucleus size, and nucleation rate for a spherical drop
forming fram supersaturated vapour. The formation
of a crystal of gpecific fomm fram & vapour will depend

upon the difference in energy between 2 molecule in
the crygstal face and a free molecule in the vapour.

As before, there nmust be an expenditure of energy in
the creation of the solid surface and

AG = i(ug-uy) + dg Ay, wvhere ¢ 1s some measure

of solid-vapour surface energy. 1t follows by
analogy that a critical size for the crystal face, and

a maximm value for A G will be

3 8
=98 %  ang Ag = ¢s” v
W ~=Up 3(uy-ug)

R

Ty

Very little is known about the surface energiles
of crystals except that they can vary from face to face.
The shape factor also varies widely, and as a resul’d
the values for @ spherical nucleus are offten used os &
bagis for calculation. There is no doubt,; however,
ebout some velue for a critical slze end energy increment

Just ag in liguid drops.
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The =ddition of a secondeompeonent, a golvent,
to the one component system doss not changa_the

fundamental equation from

AG = i{ug-u) + d g A,

in which the change in free energy of a molecule moving
drom golution to solid surface is baianced against tho
energy of free surface crsation. .In a nuecleug of
specific dimension ry  the number of molecules will

s : g ,
vary as ri{ , andé the surface A ; as Ty e Then 1%

follows that AG = Clrf (ug=ty) + Cz 8,4 Ty
where C, and C,; are shape foctors.

When u; is greater'than e a8 in supersaturated
golution, the value of A & plotted azoinst some linear
dimension Ty will pass through & maximum as before,
and presumably the nucleation rate; J, should follow
the same law, varying as the supersaturation rate ,
or rather as the square of the logarithm of this velue,
Several workersw"l8 have tried %o asteblish the
relationship experimentally, by plotting leg J against
the rsciproéal of the sauare of the log. of tho
supersaturétiong but results have not been vexy
satisfactory. Howavar, Dunninglv suggested 2 wedificaticn

in the nucleation rate iterm and achievaed satisfactoxy

linsarity. He decided that the pre-sxponsntiel fastor
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3 would depend on the supersaturation in cuch &
way that

log J + 3 leg:log %i

should be employed instead ;§>log J in the linearity
teat.

The work of nucleation is available from
momentary iocal fluctuations of concentretion and
energy - Naturally a chance association such as &
foreign body, a dust'particle, or a local disturbance
caused by stirring c¢r rubbing, will lower this
critical value. Indeed there iahexperimsntal <e.v1dencam"l9
that 211 nucleation in supersaturated solution takes
plece by a heterogeneous, and not by a homogeneous
mechanism. Crystals originate by heterogeneous
crystallisation at an interface, e.g. on the surface of
suspended, insoluble particles, or on the walls of ths
container. |

Once a stable nucleus has formed it grows, with
liberation of enerzy, end this liberated local energy
may well catalyse further nucleus formation. The
formation of “"elouds" of tiny nuelei, so cften seen
in tha'crystallisation of inorganic salis, can readily
be understood on this-basis of energy chain reaction.

. 20
Experimental work on melis  has shown that the

nucleetion rate-supersaturation curve passss throﬁgh 8
&
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moximum end falls away at high supersaturation, and
. 21
Becker and Doring allowedfor this by adding =&

viscosity term to the work expression,

wheare E,7 is the activation energy for diffusion.

That this second factor can also be effective in
nucleation from solutions  is shown in Fig.25 (paga T4. )
where the viscosities of saturated sodium thiosulphats
solution are pletted against temperature. The dotted

lines,; showing inecrease in viscosity with supersaturated
solution, rise steeply, suggesting that the formation

of a golid glasgs is not far off. It ﬁay well be that
the change in viscosity, varying widely from one
subgtance to another, can explain the fact that some

salt solutions cannot have supersaturation ratios
increased above 1.01,; while sucrose solutions, which are
very viscous, do not fomm nuecleil below a supersaturation
ratio of about 1.3.

Iurthermore, an activetion energy df 4.4 lccals./em.
mole has been found for sucrose nuclcation. Thig chows
the importance of diffusion in nucleation, since the
femperature 6oefficients of diffusion ﬁnd visgcosity of

sucrose solution give activation energies of tho seme

megnitude.
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A reductlon in the surface energy should increase
the nucleation rate gréatly° some workers claimedgu’g%
thet the addltion of surfacsc active agents did increese
the nucleation rate of sﬁcrose, while othersls found
no effect. Van Hook35 sugagests that these surface
active agents only decrease the static gurface tension,
end not the dynemic surface tensicn, which is thg
glgnificant value regarding nucleation. |

The relative shaps of the sclute molecule hag
algo been consideredsa s important in nucleetion, soms
molecules packing more easily into an ordered systen

than others.

(d) Nucleation in heterogeneous systems.

Industrial crystallisers always operate with
szed crystals present, and therefore true spontaneous
nucleation will naver occur. It wag found by lleCabe
and Tinga? that the pressnce of crysgial sseds lowered
the eritical value of supersatvuration producing notable
nucleation, probably by crystalleids frem the crysial
surface seeding the solution. The nassive nucleation
occurred at a definita, reproducibdle supersaturaiion
when ssed cryatals were precgent, and a%b lowsr
supersaturations then this value thers was only &

1ittles randea nucleation. The limit was affected by

H

the rate of cooling, rate of stlrring, and welght end
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size of the crystai.seeds nged.

There is no doubt that nucleation rates increase
rapidly even in crystal -soclution sluriies, when a
certain level of supersaturation is reached. Thie
level may be affected by such variables as thoss
indicated by licCabe, or by factors such as sctive dust
or chemical additives. These lagt may act in elther
direction.88 |

Summarising, theory suggests that thers is both &
eritical size for stable nuclei, and a sharp increase
in nucleus formation when certaln supersaturation levels
are reached. 1t appsars that these conclusions are
unaffected by the presence of preformed crystols. From
the point of view of industrial crysitallisation, the
old concept of a metasgtable range of supersaturaition
is quite soundy & nucleation rate which is relatively
slow makes for apparent metastability. If in the
body of this thesis, a solution is referred to &s
"metagtable” it will be understood that nucleatilon
rates are too srwall to be considered.

Supersaturation cen bs measursd as a ratio,

Concentration in gms./litre in =2 supersaturated solution,

Concentration in gms./litre in a saturated solution at the
gsame temperature,or as an sctual excess of concentration -

gms. /1itTe.
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The first form is more desirable from a
theoretical gtandpoint, but when mass transfer rates
are being considered the second form is proper. In the

body of work following, the simple supersaturation,

o

in gms./litre is normally used.



So Cryvatal Growih.

The principal parameters affecting retes of
reaction in concentrated solutions are temperature
end concentration. The effect of temperature can
usually be described by en Arrhenius equation, end
concentrotion by f(ec) - f(co)9 where f£(c) is some function
of the active concentration, and f(cy,) is some funciion
of the equilibrium value, ie. the normal solubility in
the case of crystallisation. The rate of reaction willﬁ
then be some function of the supersaturation, f(C - Cgls
and for most crystallisation processes the rate of growth
can be described by

E = 3(Cc-0y

wvhere B 13 a constant, and dx is the amount of solute
crystallised in time dt.

There are two mein theories of crystal growth,
one laying emphasis on the solution surrounding the
crystal, and the other stressing the importunce of
the crystal surface itself. The first is concerned with
the rate of solute trensport in the solution, the other
with the past history of the crystd , end the type of

crystal surface which has been produced.

(é) Diffusion theories of crystal growth,

- 8%
Noyes and Whitney measured the rate at whieh

erystels dissolved emd propoasé an equation of the form
% =

A
s
QG

KA (08 ':f’ CQ)O



Here A is the surface area of the crystal, Cg
is the saturation concentration, and Cy is the
concentration in the bulk of the solution. K is a
constant having the dimensions of a maea transfer
coefficient, and dx and dt have the some meaning os
before. No allowance is made for any time regquirsd
to remove the molecules from the ordersd srray of the
cryatal.

89 ‘
Nsrngt  cconsgidered that the growth of crystals
could aleso be considered as a diffusional mechaniem,

and modified the above equation to read

60X = .D..‘é (CB el Cs)
33 &

where D is the coefficient of diffusion, § is the film
thickness through vhich diffusicn is taking place, end
the other symbois have the same meaning as before.

 If there is diffusional control of crystellisation
and solution then there should be a reciprocity of growth
aﬂd.solution at equal degrees of under and oversaturatien.
It has been found that dissolution is some six times as
fest ss growth. However, most of these reciproclty
experiments were performed et circa 10°C, and it hes
been'suggestedslgaamﬁE that &% highexr tgmperaturas the
growth procesg tends to become diffusion conitrolled.

a2
llare added impurlities %o crystalliising s lutiong

end found that they inhibited growth gresatly, while
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having little effect on the rate of solution. This hs

took to bé further evidance that tho rate of growth

' is not diffusion centrolled but surface reaction controlled.
Thexre 1s no doubt that specific impurities can greatly
decreagse the growth rate, ahd a surface reaction control

may replace diffusion.

A further critlicism of the diffusion theory is
thet with intense 'agifation the surface film should
becoma very thin. It is commcnly found that the growth
rate increases with stirring gpeed only up to some
limiting value,_8957 end does not inecresse continuocugly.
There 1s the possibility thaﬁ'film thickness does not
vary inversely with stirring speed ie. the crystals
may be carried round rapidly in their own relatively
atagnant solution "aimosphere. In the produbtion of
large single crystalsss the direction of rotation is
r%verséd fraguently to present the formation of veiled
erystals caused by the mtual circula$ion of solution
and crystal. | |

The prinecipal objection to the Nernat theory in
any umﬁodified form is that crystal grcw%h ig anisotrople,
whereas if the érowth rate were dGiffusion controlled
ccompletely, crystuls should be spherical and have no

plane faces.
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59
(b) Berthoud's modification of the diffusion theory.

Berthoud considered that there is not an infinitely
rapid reaction at the czfstala:urface, but that timo
is needed to arrange the molecules during growth,
and disarrange them during solution. This implies a
reciprocity between growth mmd solution.

The concentration in the bulk of the solution
and the saturation concentration are Cp and Cg a8 beflore,
- but the concentration et the crystal interfoce is C,.
greater than Cgy, but less than C:. The diffusicnal
process is followed in geries by a first order interfacial
reaction. If kp is the interfacial reaction velocity

coefflicient then

dx
Tt = kRA (Ci=Cq) = -%E (Cg=C1)

when the gtationary state is produced.

Hence

4 I

1 dx D Cn « C
z =5 S (Ca - Cs)

-

kR
= K (Cg = Cg)

The surface reaction coefficient ER can vary
from face %o face, and therefore allows for the
anisotropic natare of crystal growth. Berthoud's
agsumptlion that kP wlll bs the sams for growth and

-

digsgsolution need not necesgsgarily be True.
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T kR ig infinitely largé then the reaction atf
the surface is infinitely rapid and the reaction is
diffusion controlled, and vice versa. It is possible
that the surface reactions of the faces of & cryatal
nay vary greatly, with the result that growth at soms
faces may be diffusion controiled end at others surface
reaction controlled. 1In thisg case the degree of
supersaturation could change the shepe of the erystal
greatly, since the raté'of growth of thé surface
controlle d faces would remain almost cbnstantg
[c&(C, - C4lly while the diffusion controlled faces
would be free to vary with the supersaturation
[oc (Ce = Cq 1.

This hypothesis would seem to answer Spandenberg's
eriticiem = of Berthoud's theory, namely that a change
in supersaturation produces a change in crystal habiﬁ,
whereas the theory, as originally suggested, shows a
unifoim change in facial growth rate with eupersa.tp.ration°

Berthoud's representation of crystal growth as

a diffusional proecess followed by a crystal surface

84 _B8B% 21
)

arrangement has been Jjustified by several workers.
Humphreys~0wen15 hes also found that same facés of
sodium chlorate follow the Nernsh mode of growth, and
that others apperently grow faster then the solute ip
presented to fhem by diffusion, i.e. they may grow

dendritically to enter fresh spheres of supersaturation.
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Loblenc end Schmendt — found thet codium chlorate
was one of tho few solutss which showed a reciproeity
batween growth end golution. |

Jenking = claimed that by Tepid stirring he had
so reduced: the f£ilm thiclkness that he was actually
measuring fhe rete of surface reactlon. Nevertholess
he was able to correlate his crystallisation rates against

‘%ﬁﬁﬁ“ p Whera M i3 the solution viscosity. The

viscosity is a function of the sclution, and should
therefore have no effect on ths rate st the crystal
surface, and he could not thersfors have becn m2asuring

the crystal surface reaction.

agéﬂ
+0 have a rate

Some golutegs have been found3
of crystallisation which is btest fepresented by a
bimolecuiar reaction. A bimolecular reaction indicates
that the crystallisation rate must be surface reaction
controlled. Jenkins%g found only one case of bimolecular
reaction,; the crystallieation of naphthalene from
methenol in the presence of collodion. The collodion
proauced a drasgtic habit change, and is anbther
example of sPécifio iﬁpurity greatly decreasing growth
vato, thareby zausging surface‘réaction control of
erystallisation.

Surmarising ;the diffusion theoxy of Berthoud would

gasm to degeribe the problem of cryaztal growth adaQuatelyg
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Growth takes place by diffusion of the solute to the
erystal surface followed by crystal surface reaction.
Either of these processes may control the rate of growth,

according to the physical characteristics of the systemn.

(e) The surface reaction.

The concept of a crystal surface reaction combined
with diffusion has alrsady been established. Solutes
ars known which would seem to be completely surface
reactlon ccentrolled in their erystal growth. Sueroze
ig onc of the most important substances which is
produced in & crystalline formm, and 1t has basu found
by Van Hook%é that a 25 fold increase in the solution
viscosity mekes no difference to fthe cryatallisation
velocity. The sctivation energy for crystalllcsation
is of the order of 15 keals./mole, while that for
diffusion is 6 Teals./mole. Ven Hook concludaaas
that the cryste lisstilon process is surface reecction

controlled at the normsal temperature rangs for sucrose

erystallisation.

(d) Adsorption layer theories.

Marcgg considered that the diffusion leyer was
toxm off by very rapid stizring, leaving & layer of
almost molecular dimengions, which had tﬁe natuxe of
en adsorbed layer. Interaction betwsen tThe moleculaes

in thiaz layer ond the ecrystal lattice wes relativsely siow.
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&9 ‘
Volmer  grew mercury crystals frcm the vapour,

and dbserved'that the c:ystals grew layer hyvlayerg
though the 1ayers were certainly not on a molecular
scale. According to Volmer when.a particle arrived at
the crystal surfece it oﬁly lost part of the latent
heat, and was free to move over the crystal surface
like & "two dimensional gas". From collisiona

vetween the pawrticles of this adsorbed layer & nuclsus
corld be formed; +the velocity of growth of the nucleus
once formed, wag pra?ortional to the squere of the
density of the particlss in it.

The concept of grewth by "two dimensional”
nucleation ig € milar to that for three dimensional
homogeneoua aucleation, and has been developed by
geverel worksrsoel’éamaa Atcns condensing on &
surface Will.prefer gtates with 2 meximum number of
nearegt neighbours,s4 @aflo pesitionva in Fig.3h.
Repetition of similaor steps will cover the surfece
with a close packed layer, Fig.3B; and grow%hzaill

temporerily stop until 2 new two dimensional nucleus
' 9

3]

&
im forned on the surfece, Fig.3C. Kossel and Stronslkd
have deduced that ths most favourable positions HIT
gurface nucleation in en ionic ecrystal will be the

corners end edges rother thon the face centres.



FIG. 3.



The fres ensrgy of thoe nueleus will bo
8
G=2Mr2d + wr & (ug-u;)
where r ig ths radius of the nucleus, & isg the interlaysr

cpaging, J ig the surfaeco fre2 snergy, end (ug-u,)

.48 the change in chonmical potsontial.

Then tha eritical nuclsus radius d fros cneyrsy

ara given by

€
Vg=U3

) == end  AG, = -

end tho rato of nucleation by
- A G
J = on( K)
B exp T
Bafore nucleation can occur the supersaturation

chould be of the order of 40-50%, i.s. a metastable
58

1linit for surface nucleation, but it is known  that

crystal growth takes place et supersaturations of

less than 1%.

(e) Diaslocations.

If the IMiller indices of a crystal face ars
high thsn.the faco will grow rapidly, wherees low
Miller indices give slow growth. The nodern thsory
of orystal growth is that nucleation on low index surfacos
is unnecessary, since high index surfaces are always
pregent because of screw dislocationg. The concept of
serew dislocations was introduced by Burgerase to account

for the very low strength of crystals compared with the
theoraztical wvalue, and its importance in crystal grovth
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8
has been demonstrated by Frenk =~ and others. ' .

A screw dislocation ip formed when the dislocation
is parallel to the dislocation line, and a block model
isshown of a typical screw dislocation in Fig. 3D.
Addition of atoms to the edge of the screw dislocation
will develop & self-perpetuating cpiral growth, since
the dislocation perimeter will have a higher angular
velocity than the centre. The screw dislocetion will
be able to grow at a low supersaturation, as indeed
crystals are able to do.

- Screw dislocations have been observedso?ss
on such diverse substances as sodium chloride and

long chain paraffins. Many of the growth spirals have
a large step height, end may be causad by multiple
dislocations during nucleation, or by successive layocra
piling on top of each other. Dawson and Vand64 have,

however, observed molecular step helghts by meens of

‘an electron microscope.

(f) Effect of impurities on crystal growth.

. 8 _06 63
Specific impurities are known ° °  to slow

down, and may indeed stop crystal growth. The impurities
are gpecific to @ach solute, and even specific to
certain crystal faces, thus changing the crygtal hebit.

a

8
The impurities may adsorb on the step of the screw

dislocation and glow down growth, and in so doing cen
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65
Produce better quality erystals.
If the crystal grows by surface nucleation the
newly formed nucleus mey be rendered inert by impurity

adsorption.

(g) Iayer growth.

Relatively thick layers have been seen spreading
over crystal surfaceaoa7 These layers may be
complicated screw dislocations, yet investigation has
shown that this layer growth takes place under conditions
which are not concordant with the presence of screw
dislocations. Bunn and Berg89 evolved & techniquse
of concentration measurement by means of iInterference
fringes when a crystal was growing between glasg plates.
Bunn found that the concentration was not uniform along
a face, but was lowest at the centre, and thét the
concentration gradient normal to the face was highest
at the centre.

Turthermore, similar crystallographic faces often
had different growth rates, and there was a tendency
for the slower growing faces to bg in contact with
solution of highest concentration, and in the extreme
case faces which stopped growing had the highest locel
concentraetion.

It wes concluded from these cbservations thaet

there 1s a surface migration of solute to the crystal

corners, having the nature of an adsorted layer, and
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that the initiation of layers at the centre of the
erystal, and the subsequent variation of growth rates
ig due to the relative movement of solute molecules
in solution and over the surface. According to Bunn,
grovith takes place on high index surfaces which are
continually formed during layer growth, and the cessation
of growth observed is caused by healing of these high
index surfaces to form low index surfaces.

Frankes replied to this criticism of the dislocation
theory by claiming that convection would occur in
Bunn's experiment, and would alter the presentation
of solute from a purely diffusive process. He considers
that sudden changes in growth rate are explained by
rearrangement of dislocations, or stoppage of growih
by impurity poisoning of the dislocation site..
The photographic records taken by EmmetGI of crystals
growing slnﬁ a very ordered form of layer growth
ag in screw dislocations, and nct an 1ndiscriminate
layer expansion as it chould be if Bunn's hypothesis
were correct.

w:l_lil_iam.e’.?0 investigated layer growth on lead
nitrate, and found that growth could occur either by
nucleation at the corners and edges as in the Kossell-
-Strangki model, or by a scrsw dislccation mechanism.

Initially the crystal grew by nucleation and layer



34

completion, but after the supersaturation decreased
grovwth took place by the formation of a screw dislocation
with a large step height. In addition the mode of
growth could be changed from surface nucleation to

screw dislocation by'scratching the crystal surface

with a sharp steel point.
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4. The Effect of Nucleation Rate and Suspension

Conditions on Product Crystel Sizs.

If the inherent seed rate of a crystalliser under
working conditions is N nuclei /hour, and the production
rate is P 1lbs./hour, the averasge weight of a product
erystal will be'g lbs. Large, well formed crystals
are the opera:ional target, and it is often found
that the inherent nucleation rate is too high to give
the desired size of product crystal. Crystallisers have
been built (e.g. the Howard crystalliser, and %o some
extent the 0Oslo crystalliser) which use hydraulic
elutriation to govern product crystal size. The se
devices will only perform as planned if the nucleation
rate is low enough for the desired product, otherwise
the crystalliser will became overloaded with‘an excess
of small crystals. It is rarc to find troubles
associated with too slow a nucleation rate.

However, a proportion of the finé crystals may be
removed in a segregation chamber, and a mathematical
analysis has been presented by Saemanql of product

size control by this means in single vessel crystallissers.

if Hf and NP are the number ¢f fines and product
crystals removed per hour, and lp and 1p their regpectivs
sizes, then e
Foo lNp 1p
F T

where F and P are the weights of fines and product
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crystals produced per hour.

In an 0Oslo crystalliser, operating with a
classified suspension of cnystals in the bed, fines
may be segregated from the suspension when they are
of the order of one tenth product size. If there is
& hundred fold excess of fines then

s I I S SO |

Therefore by removal and regsolution of 105 of
the crystallised material the pfoéuct crystal size may
be increased by a factor of 100 = 4.6 )

It can be proved that in a classified suspension
the cumulative crystal weight varies as the fourth
power of the crjstal size e.g. crystals up‘to one-half
product size constitute only one sixteenth of the
total weight in sugpension. Also the age of product
crystals is four times the draw-down time T, where
T ='g and w.is the weight of crystal in suspension.

The removal of small crystals in the product
from a miﬁed suapension produces a greatér proporticn
of small crystals in the suspension than that allowsd
for by the fourith power relation. However, the crystal
product will be approximately the same as in a classifisd
suspension. The product will show a dominant orystal

size equivalent to an sge of 3T as against 4T for

classified product removal. There will be no small
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cryatals withdrawn in classified crystal product removal,
and in mixed product removal the small crystals will

be large in number, but almost’negligible on a weight
basgis.

- In addition the seed requirements for mixed
product removal are about eleven times the number
required for clessified production. A full derivation
of the above relationships is given in Appendix C.

Classified production will give>1arge crystals
with no fines present. liixed production, with eleven
times as many seed cxrystals, will give product crystals
of almost the same size, but with a small fraction of
fine crystals. It follows that in a case where
clagsified production gives too small crystals because
of a high seed rate, the dominant product size will bo
increased by changing to mixed product removal.

Robinson end Robert578 have developed Saeman's
work further, an& given crystal size distribationa for
2 gerles of continuous flow stirred cryétallisers.

An 038lo crystalliger will normally work at some

condition intermediate between a fully claggified bed,

-

and a fully mixed bed.
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B. _Experimental Technigue.

l. Experimental Progromme.

The purpose of the work was to provide design
data for the production of sodium chloride, sodium
thiosulphate pentahydrate,and barium hydroxide octahydrate
in an Oslo crystalliser. |

The main points to be investigated for each solute
were the rate of crystal growth, and tho effect of
temperature and solution velocity thereon; the metastable
limit of supersaturation;Vwmaximum cr&étal production
ratesy and the shape and size of crystal which would
be obtained from a continuous crystalliser.

The two general methods for mcasuring rates of
growth have been either following the growth of a single
crystal at a known supersaturation, or measuring the
change in concentration of the supersaturated solution
when a mass of crystal seeds is pregent. The first
method gives absolute rates of crystal growth, but if
the crystallisation process is surface reactlon
controlled it places too much emphasia on the crystal
which is used in the experiment. The second method
1s convenient for studying the érder and mechanism of
growth, but small secds and fresh nucleation make

estimation of absolute rates of growth rather doubtful.
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Griffiths73 after long experience in the problems
of industriel crystallisation, was of the opinion
that the rate of crystal growth is a very fickle constant
to measure aond said "it might be thought that determination
of the rate of crystal growth in a metastable solution
would be easy. As soon as atitempts are made, it is
found to be extremely difficult to get consistent
results, and & little experience soon convinces us
thét consigtent results cannot be obtained without
extremely thorough agitation |

Crystals were grown in fluidised beds in three
different types of apparatus. In the first, saturated
golution was cooled to give the desired}degree_of
supersaturation and pagsed once through a fluidised
bed of crystals. The change in supersaturation
passing through the bed was only of the order of 2-3%.
The increase in weight was measured over a given period
of time, and since large, uniform crystals were used
in the experiment, the surface area could be estimated
and the mass transfer coefficient calculated.

Any small crystals formed by spontaneous nucleation
were carried away by the upwards flow of solution.
The experimental results should give a good ﬁasis for

plant design since the woight increase lsg measured

directly; the surface area of the crystals is known,
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and the average growth rate of a large number of
crystals 1s found.

The other two units were continuous models, and
were used to obtain production figures which could be
scaled up for a large plant. As with the small unit,
they were fluidised bed crystallisers, but the emounts
of crystal and solution involved were much larger, with
steady feed of fresh solution and withdrawal of crystal
slurry.

The supersaturation can increase cyclically in a
continuous plant, and estimation of the mess transfer
coefficient is therefore difficult, since the
supersaturation may represent only 1% of the total solute
present, while fine crystals are carried round the plant
with the solution. Provided no fine crystals were
present in the sample an esccuracy of + 10% in the
supersaturation value for sodium chloride would require
an accuracy of ciree 1 in 3,000 in the estimation of
salt in solution. The ogperational conditions in the
continuous crystalliger could be calcula ted, however,
by epplying the growth rate results obtained in the
non-continuous model.

Nueclei formed spontaneously in the continuous
crystailisers and grew to product size, and therefors

the equilibrium shape, size, and gquality of product

crygtals could be determinéd. The effeect of productiocn

~.
~
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rate on,pfodudt size was investigated, and also the
maximum production rate possible before oxcessive

nucleation and salt incrustation occurred.

2. Experimental Apporatus and Nethods.

(a) Cooling crystalliser.

The apparatus is shown in Eigs, 4 aﬁd Se A
vacuum punmp system sucked saturated solution from &
congtant temperature bath‘Ag_ihrough:a coéler C and
a prystallisation tube D into & receiver E. The tank
A was thermostatically controlled to + 0.05°C, and was
covered to reduce evaporation. A gtirrer suspandod
crystals in the sclution, and engsured temperature and
concentration uniformity. The golution was drawn
through a fine nylon screen into a 2" diamster
disensaging tube B. By this means a clear, saturated
solution flowed to the cooling and crystellising saction.

The cooler C was a water Jacketed glass or copper
pips. The crystallisation tube D was 1 inch in
dismeter, and a bed of preformed cxrystals wag supporied
initially on a 20 mesh Honel acresn. Solution sntersd
tangentially at the base of the tube, passed upwards
through the now %luidissd magsg, and flowed framn the
top of the tube into the receiver E.

Ths temperaturs of the solution in the bath, the
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solution entering the bed, and the solution leaving
the tube were measured on fheﬁmometﬁrﬁ graduated to
0.01°C, and standardised agéinst each other.

The solution flow was controlled to give the same
height of fluidised bed in each run. |

Crystals used in the experiments were prepared
in ths small Oslo evaporative crystalliser described
in the next section, and therefdr@ posscssed the
same shape as product crystals from an 0slo crystalliser.

Both crystals end solution were prepéred from
industrial gradeé of the respective solutes; and solutions
were made up with tap water - Glasgow Town Supply.
This 1is a parfiéﬁlarly'pure form of industrial water
with a total solid content as low as 100 parts per
million. | |

The crystals and solution in the bath were heated
to & temperature which would give the required degree
of supercooling on cooling to the crystallisation
tenperature, and held at this temperature for one and 8
half hours to ensure perfect csaturation. 4 gms of
crystels, normelly 12-18 mesh, were weighed and pleced
in the erystallisation tube, and the solution and
cooling water flows saet at the rsquired ratea. The tsst
lagted 15 minutes, and the crystals were straightway

removed, filtered, washed with methanol, dried, and weighsd.



(v) Laboratory Oslo erystallisger.

This plent is shown in Fig.6 . A snmall
caontrifugal pump A, later changed to & 0.33 H.P. Mono puap
circulated saturated solution through a heater B to
g flaghhead C, where part of the water was removed
undar vacuum. The supersaturated solution flowsed
down through the central devwntaks, and up again through
the fluidiced bed of crystals D. Part of the flow
could be dirscted through e settling chamber E to
remove fine crystals circulating in the sﬁfeam. Tha
solution flow was reasured by meansg of a Ewiﬁg ball
and tube flowmeter. Cold saturated feed sclution
wasg sucked into the plant at the base of-vessel 0P

The change from a centrifugal to & Hono ﬁump_.._
wag made beceuse of the diffieunlty in keeping ﬁha gland
of the centrifugal tight under wvacuun. It was only
possible to operate by puitting the whole pump in an
eva&uated chamber - & very clumsy conitrivancs., When a
Mono pump was ingtelled ths slower speed made air
leaks easier to check, while the pump was self priming.
It was not possible 4o ogperats with a fluld head that
mnade normal atmospheric operaticn at the pump site
possgible (a 30 4. head would be required).

Tha c¢rystallisation vaeszsel end finesg geparator
were ell in glass, the first of 2% diamsiter, 30" long,

end the secend 1.5% diameter and 10" long. , The heater
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1
was a 12" length of 5 '"* bore glass tube, with a
jacket through which hot water was circulated from a
thermostatically controlled reservoir. Evaporation

rates up to 400 gms. of water per hour could be obtained

with the crystalliser working at 38°C.
- In the operation of the unit upwards rates of
flow were controlled by the need for smooth fluidisation
of a crystal bed, and were norﬁally set atcirea 3 cms/sec.
| Under continuous production conditions the fine
crystal separator E was discarded;, and all nuclei

formed were retained in the plant.

{¢) Seni-technical plsnt.

The plant (Fig.7) was a larger version of the
laboratory Oslo crystalliser, except that no fines
separator was incorporated. The crystal suspension
was held in a 1 ft. diameter, 4 fta longglass vessel A
constructed from Q.V.F. sections. Air legkages
entrained by the liquid flow, rose to the top of the
vessel, where a tapping to the vacuum line removed gas
as required. This was essential to the smooth working
of the plant.

The pump B was a stainless steel AlfaaLaval
centrifugal unit powered by a 0.8 H.P. motor running at
1410 r.p.m., with an output of 40 gallons per minute

at 3,5 ft. head, The solution flow was measured at
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first by the extension of a previously calibrated
spfing float C, (Appendix a), and later by means of a
Rotameter. Under operational conditions the flow
was normally 33 g.p.m., equivalent to an upwards velocity
through the crystalliser of 3.4 cms./ sec. This pump,
with a mechapical seal, gave no trouble in operation,
though previous attempts with a closed impellor, packed
gland type pump gave endless difficulty through crystal
build up and'leékggeo

The heater D was a steam heated tube and shell
heat exchanger with 4 stainless steel tubes 12 ft. long.
The flashhead E was of rubber lined mild steel, 18 ins.
diameter and 2 ft. long, and the solution entered
tangentially. Solution, now supersaturated, flo@ed
down to the crystalliser; the sépafated vapour was
condensgd inta steel tube conden.ser‘F9 and collected
in condensate reéeiver_Go

Saturated feed solutidn was sucked into the glass
vessel under vacuum froﬁ a rubber lined mixing tank H.
Colution flow lines were either glass or rubber lined
nild steel.

"The plant operated under vacuum, and the operating
pressure wes adjusted by hand, after an attempt at
cutomotic contro! had failed becau:e of corrosicn in

the control valve, and the vacuum was provided by
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a Broom and Wade rotary wvacuum pump.

Crystals were removed periodically from the base
of the crystalliser through a diaphragm valve into a
detachable glass receiver. The product crystals were
centrifuged to about 3% moisture, and then dried off

in an electrically heated tray drier.
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c. Experimental Results.

lo The Crystallisation of Sodium Chloride.

Sodium chloride is normally crystallised in
vacuum evaporatére to give a very fihe crystal, about
30-60 nmesh. This is the " Vacuum Salt® of commerce,

and nucleation and crystal growth are relatively
uncontrolled. On the other hand, slow evaporation in
large open pans, with either direct firing or steam
coil heating, produces a large irregular crystal, the
time honoured *'' Fishery Salt" . The latter process
is most unecononiec from a fuel efficieney and labour
poirnt of wview, but there ic a defiﬁite ncad for this
size of crystal for food prescrvation and leather
manufacture.

Attempt to frow lurge crystals in normal
evaporators heve been uniformly uncuccessful, becauce
of *the high inherenf rate of nucleation of the solute,
and large ccdium chloride crystels “rom Oslo crystallisers
provide the ohly opposition to ' Fishery Salt" .

A defect of the 0s8lo salt is that the commercial product
tends to be spherical, and therefo&e part of the salt
rolls off the hides, etc. on which it has been -thrown.

Crystallisa%ion teste were carried out in all three
apparatus.

The crystais used in the growth rate cxperiments
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were grown in the laboratory Oslo crystalliser, and
were cubical, with the corners and edges somewhat
rounded. However,‘for calculation of surface area it
was assumed that theywere perfect cubes, and also that
the side of the cube had a length midway between the
screen apertures of the mesh size.

It was further assumed that the shape of the
crystal remained invariant with sigeo In these
circumstances the weight of a single crystal of specific
dimensions equivalent to a linear factor 1, would be

s 2
W =¢;,p,1; , and the area 4y = c; 14
3

3
Then 1; = AL = | A )

IV - Ca
3

or Wi = csAiz

If the crystal grows from W, to W,
L .
= 03A22

9 jer

Wa
Qr _VEA. b1 (éL )
Wy Ag
i, &
i.eo Az = Ai(?gi )3
What is true for one crystal is true for any
fixed number of crystals, and the surface area of the
bed of crystals at the end of the rum could he calculated
from the initial area and thy incrsase in weight.
in the calculations of rates of growth and mass transier
coefficients the average of the area at the beginning

ard end of the run was taken as the area on which growth
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took place.
Solubility figures were taken from the
International Critical Tables (lst. Edn., Vol.4, p.235).

la. Experiments in a small cooling crystalliser.

Rate of crystal growth.

The effect of supercooling on the rate of growth
of sodium chloride cryétals is shown in Fig.8. The
crystals were initially 12-18 mesh (1.1 mem.), and the
solution velocity was 3 cms./sec. through the
crystallisation tube when free of crystals. The rate
of growth is expressed as gms. of solute crystallised
per hour per gram of crystal in the bed at the start
of the run, and the supercooling is given in degrees
Centigrade.

Crystallisation was carried out at 26, 38, 49,
62 and 73°C. -

These results have been recalculated in Fig.9
to give the supersaturation in gms. of supersaturated
solute per litre of solution, and the growth rate as
gms., of solute deposited per hour per square centimetre
of crystal surface. As already stated, the active
supersaturation is tqken as the inlet supersaturation
to the bed.

The variation of growth rate with temperature

has been shown in Fig.l0, at inlet supersaturations of
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0.5, 1, 1.5, and 2 gms./litre.

‘Referring to Pig.9 it cante scen that the family
of curves éhows a gradual éhange, from the curve at 26°C
with a zero growth rate af a supersaturation of 0.5 gms./
litre, to the straight line at 75°C passing through
the origin. For crystallisation at temperatures of
52, 62, and 73°C fhe dependence of growth rate on
supersaturation is of the firs? order, and at the lower
temperature of some higher order.

i - The overall mass transfer coeffiéientsp i.e.
including both diffusional and surface reaction'
resistances, have been-calculated9 and the dimensions
of the coefficient, K, are gms.,/cme3 X hr. x gmo/cacng
or cmsolhr° Kote that this should be distinguished
from a linear growth rate_even thougﬁ the units be
the same.

In Fig.ll the logarithms of the mass transfer
coefficients at 52, 62 and 73°C have been plotted against
the reciprocals of the respective absolute temperatures.
The slope of the line gives an activation energy for
crystallisation of 5.4 kilocalories per gm,_moleo
Moelwyn-Hughes = states that activation energies of
less than 6 kilocalories are typical of physical
processes. Also an Arrhenius plot (Pig.ll) of the
diffusivity data for sodium chloride solutions

containing 0.05 gm . equivalents per litre (I.C.T.)
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gives an activation energy for diffusion of 4.8

78
kilocalories per gm. mole. Van Hook found that the

activation energy for sucrose crystallisation decreased

from 22%kzals per gm. mole at 0°C to 6.5Xkcals per gm.
mole at 70°C, and he believes that at the latter
temperature the crystallisation of sucrose is a diffusion
controlled process.

Wilhelm, Conklin, and Sauer . investigated the

rate of solution of sodium chloride in water at 18°C,

and found K to be of the order of 30 cms./hr. They

assumed that the diffusivity remained constant from
zero concentration to the saturation concentration and
from the Berthoud relation that

= D
K = 3

calculated the film thickness through which diffusion
took place to be 0.016 m.m.
{ The diffusion rate for sodium chloride in water

- 2
is normally given as 1.35 x 10 3 em. /sec. at 20°C.

Making the assumption that Q%i is constant, where 7

is the viscosity of the sclution, values of D for other
operating temperatﬁres can be calculated, and hence the
effective film thickness if diffusion controls
crystallisation. Therdata.are set out in Table 1 below,
and show a constant value for the filn thickness9

comparable with that found for solution, which is
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normally~considéred a diffusion controlled process.

Table 1 - Effective Film Thickness.

8
Temp. D x 10 K ‘Film Thickmness
(cC) (em.”/Bec.) (cm./hr.) (nomo)
52 2.8 - 45.7 0,022
67 3.4 57.2 0.0215
73 4.3 7.4 0,020

By plotting mass transfer factor, Jq, versus
modified Reynolds number, Chu, Kalil, and Wetteroth, .
correlated the,maés transfer data f;om many types of
fluidised system. Using their correlation, and thsrefore
treating crystailieation as a diffusional process,
thecretical mass transfer coefficlents have been
celculz=ted and are compared with the experimental values
in Table 2. Agreement is not very good, but is perhaps

as near as might be expected from such a wide basic

relation.

Table 2 ~ Theoretical Mass Transfer Coefficients.

Temp . Size 6f Crystal Soln.Velocity K ¥
- 60) (mesh) (cmso/%eca) experimental) (theor-
(cmsg/hro) eticel)
(enz /b
52 12-18 3 45,7 47.1
52 12-18 3 572 58,0
73 12.-18 3 77 o4 72590
73 8-10 5 87.0 74,5




Summing up, the process of crystallisation at
52, 62 and 73°C has a similar activation energy as that
for diffusion; the film thickness in cfystallisation
is of the'same order as that present in solution; and
the mass transfer coefficients calculated frdm dimensional
correlation are of the same order as the experimental
values. Crystallisation at these temperatures must
therefore be controlled by diffusion and not by a surface
reaction, at any rate for the range of supersaturation
and crystal-solution relative velocity used in the
experiments.

At lower temperatures than 52°C depenrndence of
growth rate on supersaturation is more compiex, and
this suggests interference by surface alignment reactions.
Such reactions may have a much higher temperatﬁre
coefficient than the diffusion process. The conditions
and duration of stirring to produce saturation were the
same as at the higher temperatures, where the growth
curves pass threugh the origin. The negligible rates
of growth noted for supersaturation levels below 0.4 gms./
1itre may be due to some effective " energy barrier"
or to temporary blockage of active growing areas by
impurities in the soiutione The critical supersaturation
for growth is only 0.15% of the total solute present,
and is therefore much smaller than the 50% required for

. ] 47 55
surface nucleation as in the Volmer model. ’



54
The dislocatign theory, as proposed by Frank,a?
aqd Mott and Iﬂrabza.ri'g,ﬁ'a suggests that at low
superaaturations the rate of growth'ﬁill be proportional
to the square‘of tﬁe supersaturation, and hence at very
low supersaturations the rate of growth may be too small
to measure. Also; a very small critical Supersaturation
may exist, since the critical ﬁwo dimensional nucleus
must be small enough to pass between dislocation centres.

The salt used in preparing both crystals and
solution was an ordinary comnercial product (Vacuum Salt)
and the water was an ordinary Glasgow town water.

The pH of the solution was 7.0 and it is not thought
that any notable amount of impurity was present°
However, Sears66 has shown the inhibiting‘nature of
adsorbed oxygen on the initiation of crystallisation
from the wvapour, and it is possible that traces of
'adsorbed impurity produce the same effect with sodium
chloride.

Substances which are known to affect the
crystallisation of sodium chloride are iead and cadmium
1on3965 urea?eg quaternary ammonium compoundsg79 and
nitriloacetic acidgso McCartney and Alexander found
that carboxymethylcellulose had notable effects on the
crystallisation of calcium sulphateo31 Small quantities
of I.C.I. Cellofas B, the sodium salt of carboxymethyl-

cellulose, were added to the solution teo give a
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concentration of 30 parts per million. This concentration
had a very small effect on the viscosity (0.5% increase),
and thence on the diffusion rates. As shown in

Fig.1l2 the rate of crystallisation at 62°C was

unaffected; but at 26 and 38°C, region of surface reaction
control, the crystallisation rate drops sharply, with

higher supersaturation levels before growth can be

'detectedo

‘This supports the hypothesis that growth is
diffusion controlled at high temperatures and surface

reaction controlled at low temperatures.

Bffect of solution velocity on the crystallisation rate.

The solution flow was increased from 3 cms./ sec.
to 5 cms./sec. through the empty fluidisation tube, and
in addition 8«10 m.m. crystals (1.9 me.Mm. ) were used
at 73°C. Results are shown in Fig.l1l3.

The crystallisation rate increased with
solution flow both at 73 and 45°C. The increase in
growth rate at 45°C was not expected (surface reaction
control) and the increase in mass transfer coefficient
at 73°C (Table 2), though relatively small, was more
than expected, and chows a dependence of mass transfer
on fluidising velocity to the power (.43, This may
have becn caused by the relatively shallow beds used;

and a wall effect from the one inch tube.
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A fluidised bed is free to expand with the solution
flow, so that the velocity past the crystal remains
approximately constant ﬁp to the 1imiting velocity.

Evans and Geraldaz correlated fluidised bed mass transfer
against modified Reynolds Number and concluded that the
relationship between mass transfer coefficlient, K,
fluidising velocity, (V), and particle size (D? ),

could be put in the form

c \7 033
S 6P A

Bed densities at different fluidising velocities
and variocus crystal sizes were determined, and the results
are shown in Figolll° The range of crystal sizes and
fluidising velocities used in the experiments should
cover all probable operational conditions. According
to the Evan's relationship, the increase in mass transfer
between the smallest crystals and the lowest fluidising
velocity, and the largest crystals and the highest
fluidising velocity, is only a factor of 1l.6. Provided
the crystal bed is adequately fluidised, solution
velocity and crystal size make little difference to
growth rate. A similar result has been obtained for
mass transfer from particles in stirred vesselsags
Once the stirrer speed is sufficient to suspend the

particlea, increase in stirrer speed makes little

difference to the rate of mass transfer.
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Effect of growth rate on crystel quality.
| At rates of growth higher fhan 0.07 gmsofbmoz x hr.
it was noted that the crystal surface was irregular,
and studded by small excrescences. Microscopic
examination showed these to be small cubes - the solution
was in effect depositing fresh nuclei at the existing
sufi‘ace° The new growth could readily be removed by

attrition, and would then behave as a freshly detached

nucleus. L/////r

1b. Continuous crystallisation in the laboratory

crystalliser.

Effect of production rate on fines formation.

The crystalliaser was worked as an evaporator,
and the solution temperature was kept constant at 38°C.
Cdmmencing with a standard weight of either 100 or 200 gms.
of 12-18 mesh (1.1 m.m.) crystals as the initial bed,
the heating water temperature was varied to give
deposition rates of from 25-100 gmsc/hrg in the
crystalliser. EFEach run was continued for one hour.

The fines separator removed all, or nearly all,
the so0lid fragments carried out of the suspension.
These were about 0.1 n.m. size, and were removed at the
end of the run, filtered, washed with methanol, dried
and weighed.

The results are shown in Fig.l5. The ratio of

weight of fines (P) to weight of crystal (P) deposited
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on the seed crystals has been plotted against the
deposition concentration, which is the total salt
deposited per hour divided by the solution'flow per
hour, and must also be ihe amount whereby the inlet
concentration exceeds the outlet.

The curves show a sharp upturn when some limiting
value of deposition concentration is reached. This
limiting value is 0.25 gms./litre, equivalent to a
production rate of 52 gms./hr. with an intial seed load
of 100 gms. This rises to 0.43 gms,/litre, equivalent
to a production rate of 83 gms./hr. with an initial
seed load of 200 gms.

How the crystallisation process was continuous
and the supersaturation could increase cyclically until
either the supersaturation was high enough to force
the required amount of crystallisation on the available
crystal surface, or until the metastable limit was
reached; when nucleation resulted, with the formation
of fresh crystal surfacc. |

Samples were taken after 30 minutés from the
supersaturated solution in the downtake when the
crystalliser was operating at a production rate of
50 gmsy’hr° with 100 gms. initial seed weight.  The
fines produced at this rate were negligible. The samples
were analysed for total chloride present using silver

nitrate,and potascsium chromate as an indicator, and the
9 2
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actual éupersétufatibn.was-found to be 1.5 gms./litre.
Increased production rate meant inereasing supersaturafion
and nucleation. Therefore the "metastéble limit" |
for sodium chloride solutions under boiiing conditions
must be about 1.5 gmse/litre.

Therlogarithmic mean supersaturation, calculated
from the inlet supersaturation of 1.5 gmsollitre and the
"'deposition concentration of 0.25 gmsollitre, is
1.38 gms./litre (log. mean of 1.5 and 1.25 gns./litre).

52 gms. of solute were deposited on 2,720 sq. cms.

of érystal surface giving a growth rate of 0.019 gmaa/’
.cmoa x hr. Prom the cooling batch crystalliser

the growth rate is 0.021 gmsy’cmoz x hr., at 1.38 gma./
litre at 38°C.

Similarly at 83 gmsolhr production rate and with .
200 gms. initial seed weight the log. mean supersaturation
is 1.28 gms./litre and the growth rate is 0.018 gm,so/cmog
x hr., and the equivalent growth rate from the cooling
crystalliser is 0.0185 gmso/cmo2 x hr.

Considering the inaccuracy in measuring the very
snall metastable supersaturétion9 2né the time delay
in the continuous qrystalliéer increasing cjclically
Ifrom the deposition‘concentration to the equilibrium
concéntration value, there is a satisfactory agreement )

between the rates of growth from the two crystallisers

operating under different conditions.
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The réte of growth of the seed crystals was
calculated for'each run, and the éctive supersaturation
to produce this rate of growth was extrapolated from
the cooling crystalliser results. The inlet
supersaturation was calculated from the active supersaturatio
and the deposition concentration;, and the inlet |
supersaturation for each run is plotted against the
weight of fines produced in Fig.16. The results for
the 100 and 200 gms. initial bed weight fall fairly
close together, and show the metastable limit to be
1.5 gmsoilitre as found by direct titration.

After the solution passed through the bed the
supersaturation was reduced below the level where rapid
nucleation takes place. Therefore the nucleation
pfoperties of the system must have been similar to those
occurring in crystal beds deep enough to reduce the exit
supersaturation to negligible proportions. In these
circumstances the total crystal production can be
calculated, and the fine crystal which will be expected
is shown, and calculated as a percentage of the total
crystal ' maske® in Table 3. The.weights are for a
crystalliser of the same dimensicns as the experimental
unit; but the percentage fines should be valid for

all production units.



40|~

F (q.)

O - 100 g. BED
@ - 2004. BED

°
g FIG. 16.
° o® ©
} d 0@, |
-2 1-6 2.0

INLET SUPERSATURATION (g]1.)




61

Table 3 - Percentage Fines Produced

Tniet supersatn. Total prodn. Fines Product crystals % Fines

(gms. /1. . (gmso) (egms.) (gmeo)
1.4 294 1.5 . 292.5 0.5
1.5 514 3.0 311 1.0
1.6 336 7,0 329 2,1
1,7 357 15.0 342 4.2
1.8 378 26,9 352 6.9
1.9 400 38,0 362 9.5

2,0 420 5000 370 11.9

A personal comhunication from I.C.I. Salt Division
states that a fines rraction of 11% is obtaincd from full
scale Oslo crystallisers when they are operafing at an
inlet supersation of 2.2 gms./litre. Part of the
fines fraction will also be removed as product in the

Y.C.I, crystalliser, and ‘the agreement is therefbre good.

Effect of crystal bed weight.

In ancther series of tests the deposition
cpncentration was held constant at 0.64 gms./litre, and
the initial seed weight steadily decreased, with a
resulting sfeady increase in the ratio of the weight
of fines to the solute deposited on the crystals.

In Fig.17 the ratic & 1s plotted against the ratio

of solute crystallised to the average weight of crystals

present in the bhed during the rTun |
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Continuous_productiena

With the flnes separator removed from the system
product crystalsmere removed continuously from the base
of the crystalliser. The deposition concentration was
0.24 gme./litre; the bed was 19 ins. deep and contained
950 gms. of crystals, and product crystals were removed
at the rate of 50 ngc/hro When equilibrium conditions
had been reached the product crystals had the weight

composition shown in Table 4,

Table 4 - Welght Comp091t10n of Product Crystals at

Equilibrium,
Crystal size. % by weight
8-10 mesh 701
10-12 " 28.8
12-18 " | 1.1

The product crystals were cubes with the corners
and edges rounded by abrasion; the larger crystals bdbeing
relatively more rouﬁdedo They were not spherulites,
and cleavage expoeed hard shiny surfaces. A sanple
is shown in Pig.l8 compared with wvacuum pan sodium

chloride crystals, Fig.1l9 1s an X-ray rotation



Figure 18, Sodium chloride product crystals compared

with ’Vacuum Salt*,



Figure 19® X-ray rotation photograph of product crystal
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photograph of a single product crystal, and shows the
typical pattern of é cubic structure. A spherulitic,

or poorly formed mosaic crystal would not have given such
an even pattern.

At this low rate of production relative to weight
in the suspended bed, supersaturation was largely
discharged in passage through the crystalliseio Grewth
rates were about one-tenth of those measu:ed with the
10C gms. mass, and effective supersaturation wase

correspondingly lower. This point will be discussed

later.

l1c. Crystallisation in the semi-technical plant.

95 1bs. of 10-12 mesh (1.4-1.6 m.m.) crystals were
tipped as a slurry into the crystalliser to give a
fluidised bed 2-3 {t. deep. This bed was retained
in the glass vessel during the crystallisation,
end only a few fine crystals circulated with the solution.

The production rate was varied between 8 and
3% 1lbs/hr. by.alteration in heater conditions, and the
operatiﬁg tenperature was 73°C. s

" The size of the product crystals, the inlet

supersaturation to fhe bed, the production rates, and

the total weight of salt produced are given in Table 5.
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Table & - Product of Salt Crystals by Semi-technical Plant.

Inlet Total Prodn. % by weight
Supersat. Prodn. rate

(gms./1) (1bs)  Qbsfhr.) *10 10-12  12-18 18-30 -30

nesh mesh mesh mesh mesh
0.4 17 8 " B4.5 25 17 2.6 0.9
0.6 69 13 54.5 24.5 20 1.0 0.0
1.0 139 20 : 855 8.0 1.2 0.0 4,3
1.6 -100 : 32 50.2 32.0 15.8 1.5 0.5

Long operational runs on a large plant are
difficult to perform in a College becausé of shortage
of labour and limited service, and therefore experimental
runs are too short. ~The ratio of‘crystal " make® to
crystal in the fluidised bed should bé as high as possible,
and certainly greater than was attained in these tests.
At the same time, the suspended mass was discharged at
the end of the run and screened. The size distribution
was very close to that of the withdrawn product except
for a higher proportion of -30 mesh material. The ‘
results were, however, consistent with those obtainea
in the laboratory tests as will be seen below.

At a production rate of 32 1bsth, the mean
retention time for a bed weight of 96 1bs. is 3 hrs.,
while the dominant crystal size 1is about 2 m.m.. Saeman
has shown (Section 24 above) that the dominant crystal

asize must be based on a retention time of three times

the mean retention time basedé on weight, and heace the



2 m.m. crystals took 9 hrs. to grow. This suggcests

a linear growth rate of 0.22 momolhr° or 0.024 gmsojcm.2
x hr. From Fig.9 this is seen to be equivalent to an
effective supersaturation of 0.3 gms.f/litre. As the
inlet supersaturation is 1.6 gms./litre,the outlet -
supersaturation, based on log. mean calculétions, is

8 x10° gmsoliifreo With such small outlet levels

the great bulk of crystal growth will take place

around the liquid inlet, as Saeman and Miller noted for

(-]

ammonium nitrate.

It would follow from this that the output of
sodium chloride éryétals frbm an Oslo crystalliiser
operating at 73°C will be almost independent of bed
depth, and can bé expressed as outpﬁt per squdre foot
of crystalliser‘crdss sectional area.

When the inléf‘supersaturétion of 1.6 gﬂsojlitre
was exceeded in an éttempt to increase production,
notable nucleation occurred, as might be expected from
the tests with the laboratory unit. Even at a rate of
32 1lbs/hr., with the limiting inlet concentration, there
was some deposition of crystal ét any irregularity in
the downtake pipe'br flashuead.

The crystal guality was always excellent when a
proper bed of largé crystals was present, but irregular
nasses of aggregateévsometimes appeared when appreciéble

quantities of fines were circulating with the brine.
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It was noted that the top 20% of the crystal bed
seemed to form a partly classified section of smaller
crystals, with the remaining 80% of large crystals
evenly mixed and uniform.

No cubic hillocks were observed on the crystal
surface as were found at growth rates greater than
0. 07 gmso/cm.,2 x hr. in the operation of the batch
ccoling crystalliser. This freedom from poor growth
was probably caused by the mixing of the large bed
preventing crystalé from staying in the region of high
supersaturation at the base of the crystalliser; but
carrying them away to zones of lower supersaturation.
Indeed this was the method used by Miller and Saemanz
to avoid poor crystal growth formation with ammonium
nitrate.

It was noted that the larger the crystals, the
more rounded they became. Crystals of 1 m.n. size
were perfect cubes, and crystals above 2 m.m. size
were almost spherical. Crystals in the batch crystalliser
always retained their cubical habit whether the
| supersaturation was high or low. The rounding of the
crystal must have been caused by attrition of the larger
crystals in the rapidly moving mixed section of the
bed, whereas the crystals under 1 m.m. size suffered
little attrition in the gently fluidised classified

section. Since the growth rate of sodium chloride is



67

high, a relatively shallow crystal bed is possible, and
a bed height of, say 10 ft., will increase the effect
of attrition, giving a sphericél product, without
increasing the total grthho

The fact that the rounded crystals were produced
by attrition Suggests that growth ig diffusion controlled
as already statéd° There was ho téndenc& to replace
corners and edges to reform a cube, and the sphere is
the form which should be adopted if crystal gfowth is
anisotropic. On the other hand, sodium thiosulphate,
which shows some measure of surface reaction control,
always retains 1ts sharp corners and edges, under
similar conditions of attrition. _

In general operation of the plant it was found
to be impracticable to start with a saturated solution
and evaporate until nucleation occurred. A milky
white suspension containing a very large number of nuclei
was formed, and could flow through the plgnt for days
before sufficient large crystals were obtained to.form
a proper fluidised bed. The operating procedure was
to take screened vacuﬁm salt of 0.2-0.5 m.m. size as
the original seed, and to form a bed from this by slow
growth and crystal removal. Ideally the plant should
be restarted with a bed of full size crystals to

enable size equilibrium to be attained quickly. When

small seed crystals are used to start the bed, the crystals



pass through a sitage of poor quality. The small

erystals tend to cluster together to form a larger,
easily fractured, opaque crystal of 1 m.m. size, which

mugt be removed Ifrom the bed before good; clean crystals
appear as product.

Plash nucleation must be avoided after seeding,
and this restricts supersaturation to below 1.6 gms.jlitre
under normal operating conditions, unless a fines
separator ie in constant use. Any industrial scale
0slo crystalliser should have a fines separator to
destroy excess nuclei which may be formed by control
fluctuations.

As thez velocity of solution circulation is also
limited by the need for proper fluidisation, it
follows that any industrial sodium chloride crystal liser

as some limiting output which can be expressed in
2.8 pounds/square foot of crystalliser cross sectional

areag.

1ld. Conclusions.

The crystal growth of sodium chloride can be
controlled by fluid diffusion (above 50°C) or by surface
orientation (below 50°C).

Mass transfer coefficients of the order of 80 cms,. /
hr. can be obdtained in a fluidised bed of 1-2 m.m. size

crystals.
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For controlled crystal growth, supersaturation
must not exceed 1.6 gms./litre, and the ratio of hourly
production weight to bed weight should not exceed 1 to 3.
A fines separator should be built into industrial units
to destroy any excess nuclei which may be formed.

The limiting output of a sodium chloride
crystalliser producing 2 m.m. crystals is 40 lbs[ftos
of crystalliser cross sectional area.

Mixing of the fluidised bed prevents poor growth
at high supersaturation levels. |

The larger the product crystal the more gpherical
it becomes.

An Oslo crystalliser should preferably be put
into operation with a bed of full sized crystals in the
suspension holder,

Results are consistent from a small laboratory
scale up to a 12 ins. diameter crystalliser, but further
experiment is required over a longer period for
latter tests.

The general results from this section on Sodium
Chloride Crystallisation were summarised in a paper
presented to the Institution of Chemical Enginecers
(London Section) in October, 1959. (Bain and Rumford,

- Trans. Instn. Chem. Eng., 1950, 38, 10).
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2. The Crystallisation of Hydrated Sodium Thiosulphate (Hype).

Tt is difficult to produce sodium chloride as
e large grained crystal, and. therefore "hypo" was
chosen as a sélute because its ease of crystallisation
to give large crystals gave a cbmparison betWeen extremes.
It is also characteristic of the solid hydrate crystal
type as compared to the’anhyardus sodium chloride,
Hypo is colourless, and in agitated solution crystallises
ns teautifully férmed monoclinic prisms. The 1industrial
" pea'' crystals are some 5 m.m. in‘sizeo -~ The
temperature coefficient of solubility is high, and the

salt melts in its own water of crystallisation at 48°C.

2a. Cooling crystalliser experiments.

Operationél proceedure was similar to that given
for sodium chloride, except that the duration of each
run was 12 minutes. The crystals and solution used
in the experiments'were prepared from pea crystals of
commercial '' hypo'' and Glasgow tap water, and the
experimental crystals were prepared in the laboratory
Oslo crystalliser.

The surface area of the crystalc was estimated by

deriving an experimental constant ¢ in the equation
W = ¢ A%
where W is the weight of the crystal and A is the

gsurface area of the crystal. The dimensions of 50



large crystals (6 m.m.) were measured microscopically
and the surface area calculated, The constant ¢ was
fourld to be 0.136 gmslcmo%

The same assumptions for active supersaturation
and crystal surface area were made as for sodium
chloride. Solubility data were taken from the I.C.T.
(18t Edn., Vol.4, p.232) and solution densities from
the work of Butlero3

Rate of crystal growth.

Fig.20 shows the effect of supersaturation;
expressed in gms. of supersaturated solute (sodiun
thiosulphate pentahydrate) per litre of solution, on
the rate of crystal growth, in gms. of solute deposited
ver hour, per square centimetre of crystal surface,

Crystallisation was carried out at 24, 30, 35
ané 40°C, The crystals used were 6-»10 mesh (2-»3 m.m.),
and the solution velocity throvgh the empty crystallisation
tube was 2.7 cms.,{seco

At 30, 35, and 40°C,the rate of growth is linear
with respect to supersaturation, and temperature has
no effect on the crystallisaticn rate, At 24°C the
rate of growth is slower and more rendom than atv the

other temperatures.

<«

P-4

The mass transfer coefficient is 4.3 gms.fom. x hr.
x gmo/cocc (4.3 cmso/hrc)g which is about one~tenth

of the walue found for sodium chloride. Butler mea=ured
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the linear rate of growth of large single crystals

of hypo rotating in supersaturated solution. When
Butler's results are recalculated to givé a mass transfer
coefficient, it is found to be 0.82 gmso/cm.o2 X hr. X
gmolcoc°

In Fig.21 the ratio of supersaturated concentration
to saturated concentration is expressed as a percentage,
and plotted against the rate of growth. The effect
of this is to accentuate the disparity between growth
rate at 24°C and the rates at higher temperatures,; which
show no increase in growth rate with temperature.

Butler also found no increase in growth rate
with temperature.

Pig,22 shows the effect of supersaturation on
growth rate for 637 m.n. crystals at a somewhat higher
soiutibn velocity of 3.9 cms:/sece The growth rates
a2t 20 and 40°C lie together, while the rates of growth

at 24°C are slightly lower.

Effect of crystal size and fluidising velocity,

The experiments illustrated in Fig.23 show that
an increase in solution velocity arnd crystal size gives
0lightly hicher growth rate, though these are not
nroportional to the vroduct of the variables. As the
crrystal bed is not static but tends to ezpand in the

normal way of fluidising, this is not surprising.
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Two crystal sizes were used; 2=3 m.m. and 6=7 MmeMo,
at flow rates of 2.7 and 3.9 cms./sec. respectively.
The effect of forced convection mayvbe considered as
varying with the Reynolds Number, or in this case
(V.DeP )e Taking the lines in Pig.23 as guide, the
rates of growth are as 1 to 1.4, while the relative
values of (VoDP ) are 1 to 3.8, This suggests a value

for the Reynolds Number index of 0.20 i.e. deposition

. 0,26
varies as Re

Effect of viscosity on growth rates.

' Solutions'' of Cellofas B were made up containing
up to 0.8 gmsollitre, and growth rates measured. The
additive appeared to have no effect whatever (Fig.24),
but it was suspected that it had merely dispersed in
a fine suspension° This was conclusively demonstrated
by measurements of viscosity (Fig.25), which shows
identical values with and without Cellofas B addition.

The form of the viscosity-temperature curve with
saturated hypo solution is of great intcrest and will
be discussed later.

Comparison of rate of growth and rate of solution.

6=7 m.m. crystals werc dissolved in undersaturated
solution of known concentration at 30°C, and the rates
of solution are compared with rates of growth in Fig.26.
The rates of growth fall only slightly below‘the rates of

solution, but they are much more irregular than the latter.
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Discussgsion of results from cooling crystalliser,

The crystallisation rate is found to be
proportional to fhe supersaturation, and‘temperature has
little effect on the crystallisation rate. If the
crystallisation process were surface reaction controlled
a large temperature coefficiént of crystallisation would
be expected; as found by Van Hook in the crystallisation
of sucroseovs On the other hand if the reaction is .
diffusion controlled there should be a small temperature
coefficient of crystallisation as found for sodium
chloride in the temperature range (50—73°C). The zero
temperature coefficient can be most readily explained
by'assuming that both proceéses are active, an@ that
one has a negative temperature coefficient.
| The viscosity of the saturgted solution, controlled
in parﬁ by temperature, and in part by solubility, is
relatively constant from 20 to 30°C, and moves sharply
upwards on either limit. Also the concentrafion
increases greatly above 30°C, and since the diffusivity
will probably decrease with increasing concentration,
then there shoﬁld be a tendency for a maxinum growth
rate at 30°C.

The diffusivity of sodium thiosulphate is given
in the I.C.T. as 0.62 x 10 = cm. f sec. at 10°C, and a
concentration of 1.1 gm. moles/litre° Making the

assumption that the diffusivity dcee not decrease further
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with concentration, and that D4 4is constant, values
EI'
for other operating temperatures can be calculated,

and hence the effective film thickness if diffusion
controls the crystallisation process. The dataszre set
out in Table 6.

Table 6 - Effective film thickness.

Tenmp. D x 1()5 K Pilm thickness
°C cm.”| sec. cms.|hr. M.Mmo

24 0.7 : 2.0 0.126

30 0,73 4.9 0.06

38 | 0.73 4.3 0. 06

40 0.67 4.3 C. 056

The diffusivity is séen to vary very little with
temperature, which suggests that the crystallisation
process is diffusion controlled. However, the film
thickness are about double those considered to show
a diffusion controlled processg74 although there must
be some doubt about the diffusivity value used. If the
diffdsiﬁity does decrease with increasing concentration
then the film thicknesseg.calculated are too large,
especially at 35 and 40°C.

There is also the increase in growth rate with
Reynold‘’s Number which suggests diffusion control.
Cellofas did not dissolve in the saturated solution; and

the viscosity could not be increased by this means to



determine more rigorously the effect of viscosity on
growth rate.

FPig.26 showed that the rate of solution was only
slightly faster than the rate of crystallisation;

This would be the case if the diffusion of solute to
the crystal surface was followed by a crystal surface
aiignment which was very fast, but not instantaneous,
and of the order of four times as fast as the diffusionm
mechanisn.

The alignment reaction wiil piobably be very
gsensitive, and may cause the ﬁariation found in
crystallisation rates. It is possible that at lower
temperatures it becomes more important, and may have
caused the reduction in crystallisation rates found
at 21°C, and that an acceleration in the alignment
reaction at 4096 balances the drop in the rate of
diffusion.

Growth rates wecre some five times as high as
those of Butler°5 Butler increased the speed of rotatioh
of the crystal until there was no further increase in
crystal growth, and assumed that all the resistance to
growth then lay in the surface reaction. Holden58

' of rotation
claimed that the direction,of a crystal has to be
reversed fréquently to prevent veils and occlusione

caused by regioné of poor diffusive flow, and that the
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rotating crystal can carry roﬁnd with it an atmosphers
of stagnant saturated solutibﬁo The present results
would seem to prove that the fluidised bed gives more
accurate indication of'groﬁth phenomena than the method

of Butler.

2b. The shape of hypo dgystals obtained from fluidised

bed CryStalliseréo

Hypo crystallises as colourless, monoclinic
prisms. Fig.27a shows a typical crystal habit.
Crysfals produced fiom én evéporative fluidised bed
crystalliser were found to have the habit shown in
Fig.27b, end the same shape was preserved on further
growth in a fluidised bed cooling unit.

- Pig.27c is » plan view of the (001) face of the
crystal. 0f the prism faces f1103 was found to be small,
and was absent on many of the crystals. In every crystal
one of the(010) facés was large, and the other very
small. In every case it was found that it ﬁas the
(OIO) face which was. small, and the (010) face which was
large. Butler found that occasionszlly one of the (010)
facee atopped growing. Once again this suggests that
conditions in the.fluidised bed werd more uniform, and
nearer the optimum than the conditions of Butler's
experirents,

The crystals were csome 1.5 times broader acfosa

the (010) and (110) faces than a crystal of commercial



hypo with the same length of prism face. It is known
that much of the hypo of commerce is made in & rocking
crystalliser.

The prism faces were smooth, lustrous, and
optically clear, although occlusions could be seen inside
gome of the crystals. These occlusionslwere usually

caused by air bubbles sticking to the crystals when they
were small. The (001) faces were not smooth, and the
crystals were not optically clear through the C axis.

on all the faces of {001} , and the (010) faces, a
deep layer System was visible to the eye, starting fron
the edges of the crystal and proceeding towards the
centre.

At growth rates above 0.22 gmso/cmo2 x hr. the
crystals lost their lustre, and were covered with step
like growths. Unlike sodium chlorideyhypo crystals
at all times preserved their definite faces and edges,
even though crystal momentum, aznd therefore the effectis
of attrition, must have been of the same order in bdboth
éystems,‘ This suggests some neasure of surface reactioﬁ
control, with the crystal persistently replacing
fractured corners etc.

However, diffusion must play a big part in
changing the habit of the crystal. A crystal from
the fluidised bed changed its shape when suspended by a

thread in the solution, which was saturated at 24°C and
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cooled to 18°C. The (010) faces tended to even up in
size, and the non prism faces started to grow. Alsoy
crystals grew on the thread supporting the large crystal,
and these crystals had the habit of Pig.26a except that
illl}was missing; the (010) faces wereegually developed,
which eliminates the suggestion of impurity causing the

difference in their growth rate in the fluidised bed.

Growth formations.

Three types of crystal growth form have been found.

1. Perfect emooth growth on the prism faces of the crystals,
except for face (Gio)a

2. Layer growths on {0013} , face (010), and the underside
of crystals grown in stagnant solution.

3. Groea layer growth at high supersaturation.

It has often been stateds” os that good quality
crystals can only be grown up to a limiting maximum
rate. The present work confirmg this, but also suggests
that the maximum>rate varies from face to face, and that
it is only when gross layer formétion occurs that the
crystal quality really becomes poor.

At low supersaturations the prism faces of the
crystal tend to grow zmoothly, prcbably by a screw
dislocation mechanism, to give lustrous, coptically flat
surfaces. When the supersaturation becomes greater
than 50 gms.flitre the surface becomes covered with

rough steps and protruberances which are easily broken
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away from the crystal. Crystal growth takes place by
deposition of crystalloids, as in the concept of
Federov®®,88 or by dendritic growth.

A crystal, lying on the bottom of a pool of
unstirred supersaturated solution, showed on its
underside the structure shown in Pig.27d. The steps
were of the order of 0.01-+0.1 m.m. thick, which is
many times the molecular height, and the crystal was
roughly‘square in plan. It is suggested that nucleation
took place after the Kossel-stranski48’dp model at the
corners and edges of the crystal, where the supersaturation
was high, and that layer completion took place very
slowly under the middle of the crystal where the supply
of solute was poor. Since growth round the edges of the
crystal would take place rapidly, the system results
in a "' picture frame® slowly moving in towards the
centre of the crystal. Fresh nucleation would take
place at a corner above this, and an inverted pyramid
is produced with the first layer meeting in the centre
of the face while the nth layer is starting. Deep
layers have often been observed on crystals while the
crystals were growing by means of screw dislocatibnsa
It has been proposed that piling up of the molecular
growth layers is caused by fluctuations in the
concentration at the initiating centre. A gimilar method
of iayer thickening can be grOposed for surface

nﬁcleation and layer completion.
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The step height of the layers was so great that
the real mechanism of growth is doubtful, and could
only be ascertained by microscopic examination at very
high magnifications. It seems true, however, that
growth took plaée at the corners and edges of the face
where the diffusive presentation of solute was highest.

At the operational supersaturation in the continuous
crystalliser (12 gms.|litre), the crystals showed layer
growth on the (001) and (010) faces. In an analogous
manner to the above, nucleatiop takes place at thé face

corners and edges, and layers spreéd in towards the
centre forming a pit of encirclement. A plan of the
(001) face is shown in Fig.26c, and it can be seen how
the layer growth follows the shape of the crystal face,
i.e. the distance from edge of face to edge of layer
remaihé constant around the crystal. An explanation
of this may be that most of the diffusive flow of
solute will come from the slower growing prism faces,
and the greatest shperéaturation and concentration
graéient will be at the edges of the face, with reduced
supersaturation at the face centre giving reduced growth
rate.

Por some unknown reason these faces are more
easily nucleated than the others, and in particular the
610 face is more easily nucleated than the 010 face.

Once the 010 face grows by surface nucleation it pulls
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the diffusion field away from the 010 face which will
then grow more slowly. | |

Crystals which formed on a thread holding a
'largé growihg crystal were in a field of low supersaturation
because of rising currents of light solution.
These crystals had the hébit shown in Fig.26a except
that flll) was missing. No layers werelobéerved on
these crystals, and therefore at low supersaturations,
and with-no stirring, the Wholg crysfal wili grow
slowly through screw dislocatiéns}' Williams = found
that lead nitrate grew at high supersaturations by
eurface nucleation, and at low supersaturation by screw
dislocations. |

Thé féces which grew by surface nucleation were
rougher in appearance than the prigm faces, and the |
crystal was not clear through the C aiis. The ﬁfoduct
crystals, though clear énough for an industrial crystal,
and of better quality than the pea crystals used'fb
prepare soiution, did not have the perfect lustre and
clarity of the small crystals growing on the thread,
or of the crystals shown in Butler's work. This would
of course be caused by slight misfit in the layers.

It has often been claimed that slight faults in
the crystal will increacse the speed of growth by a
factor of about four. The growth rate found in this

work was five times that found by Butler. Te increased
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growth rate, and the impérfection in optical quality,
are obviously causéd by theilayer formations on the fast
growing faces. Butler used the sane range of
supersaturation, and yet he only fouqd rapid growth of
the 010 face occasionally. Thin diffusion films are
produced by the turbulence of the fluidiscd bed, and
| these must aid surface nucleétion at moderate supersaturatians
(12 gms./1litre), which are greatly below the 50% excess
of saturation concentration dcmanded by theory. There
is, in a fluidised bed, considerable rubbing of solid
surface, which may cut down the thickness of any
stationary layer and increase surface faults; some
attempts have been made to explain heat transfer

rates by this hypothesis.

2C, Continuous production of Hypo erystals.

Crystals of Hypo were grown continuously in
the laboratory Oslo crystalliser which has been
previously described. Crystallisation was carried
out by evaporation under vacuum at 30°C, so that a
comparison could be made with sodium chloride production
under similar conditions. Cold saturated solution was
fed to the plant.

It was found possible to produce pea crystéls
(6 mem.) from 800 gms. of bed at a production rate of
200 gmsa/ hr. The fluidisation velocity was 1.6 cms./ sec.,
and the bed was 1.7 ft. deep. Product crystéls are




Figure 280 Product hypo crystals
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shown in Fig.28.

The crystal shape has been previously discussed,
and the crystals were clear, with a good lustre, and
there was very little twinning. The bed consioted of
large 6 m.m. crystals with a very few small crystals
above it. The deposition concentration was calculated
from the production rate and the solution flow to be
2 gms.flitre, and the rate of growth was 0.05 gms./cmo2
x hr.. PFrom the cooling results the actual supersaturation
was 12 gmso/litre, and therefore the inlet supersaturation
to the bed was 13 gms./litre, and the exit supersaturation
was 11 gms./litre.

The production rate of 200 gms./hr. is equivalent
to 40.5 1bs/hr x i‘t.8 of crystalliser cross-sectional
area, for 6 m.m. crystals, at a bed height of 1.7 ft.

In starting the unit, 2.5 litres of solution
were saturated in the plant at 40°C and cooled over
30 minutes to 36.5°C. 300 gms. of product were
obtained of 1.5 m.m. size, after spontaneous
nucleation'had occurred. If a clear solution is
evaporated to the nucleation point the nuclei formed
are relatively few in number, and grow rapidly. By
removing half of the crystals periodically a bed of
large crystals is soon developed. There is no such
difficulty as that met with in starting a sodium chloride

unit.
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Metastable limit.

Hypo is able to hold a large metastable limit
before spontaneous nucieation‘occurs. The degree of
supersaturation possible without nucleation depends very
much on the conditions under which the solution is
placed. It is possible to cool a hot, concentrated,
hypo solution to room temperature without crystallisation
taking place.

When cireculating in the plant solution was
supercooled by 2.4°C at SQ°C before nucleation took
place. This gives a metastable limit of 90 gms.[1litre.
However, a solution which was stirred rapidly in a
beake; nucleated at 50'gms.llitre supersaturation at
30°C. The mechanical impact in rapid stirring must
be greater than the impacf taking place in passage
through a Monopump. There is also the important factor
to consider that growth becomes of a poor type at
50 gms./litre;-and’thereforeAWe may say that the
metastable limit at 30°C is, for practical purposes,

50 gms./litre, oi a supersaturation ratio of 1.048.

Design of a larpe unit.

Assuming an inlet concentration of 40 gms./litre,
and an exit concentration of 10 gmﬂ./litre, then the
log. mean supersaturation is 22 gms;/litre. The

supersaturation system, whether by cooling or evaporation,



86

must increase the supersaturation by 30 gms./litre on
each passage through the system.

At a supersaturation of 22 gms./litre the
rate of growth is 0.095 gms./cm.8 X hry and at a
solution velocity of 1.6 cmsolsec., the production rate
will be 360 lbs,/hr. x ft.2 of cross-sectional area.

If the bed consists of 6 m.m. crystals then there

must be 500 1bs. of crystals per sq. ft. of crystalliser
cross-sectional area, to absorb the ?upersaturafibn.
From the suspension density of the small crystalliser
this would give a bed 11 ft. deep.

A crystalliser 4 ft. in diameter and 12 ft. deep
will give a production rate of 1.8 tons per hour of
large hypo crystals. It was not possible in the time
available to check these conclusions with the 12 ins.

diameter crystalliser.

2d. Conclusions.

The rate of growth of hypo has been determined
in a fluidised bed over a temperature range of 24-»40°C
The crystallisation is first order with respect to
supersaturation, and temperature has little effect on
the crystallisation réte over the temperature range
studied.
/, The mass transfer coefficient in 4.3 gms./cm.z x hr.

X gMefCoCoo
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The results pﬁggest that crystallisation takes
plaée ﬁy diffusion to the surface toll&wed by a very
faét, but not instantancous orientation at the crystal
surface. Solution is only slightly faster than
crystallisation at the temperature and solution velocity
used in the experiments° |

The crystal shape produced scems to be particular
to fluidised bed crystallisera,tand is simpler than
that of crystals grown from stagnant solution or rocking
crystallisers. ‘

The metastable 1imit for nucleation is of the
order pf 90 gms./litre but at supersaturations of above
50 gms. /litre the crystal quality becomes poor.  The
nucleil produced after spontaneous nucleation are few
in number and grow rapidly, and.therefore a bed of
crystals can be readily formed from a saturated solution

frec of crystals,

The mass trénsfer coefficient ic only one tenth
of that founédé for sodium chloride, dbut because of the
high metastable limit possible'production figures are
high. 6 m.m. crystals were obtained from a fluidised
bed 1.7 ft. deep at amte equivalent to 40 lbsfhr. x £t.°
of crystalliser cross-sectional area. It is estimated
that 1.8 tons/hr. of ‘pea crystals could be obtained from
a crystslliscer with a ouspension holder 4 ft. in diameter

end a crystal bed 11 ft. deep. L///
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3, The Crystalliration of Borium Bydroxide Octahydrate
(Farium Hydrate). '

Bariun hydroxide solutions are strongly alkaline,
and alkaline earths ére normally difficult to crystallise.
When cooled rapidly a hot solution of barium hydroxide
crystallises dendritically to give very thin, fragile
plates. Barium hydroxide octahydrate crystals rapidly
absorb carbon dioxide from theair,uénd the crystals
become covered with a layer of’barium carbonate. Thig
covering is nét protective, and therefore the ideal
shape of crystal-to regiot attack is a sphere.

Morsover, a spherical type of crystal filters much
faster than a flake.

Sodium chloride has a fairly low solubility,
and a small temperatufe coefficient of solubilitys;
hypo has & high solubility and a lérge temperature
coefficient of solubility; bariuvi hydrate has a fairly
low solubility and a large'temperature coefficient of
601ubility° The physical properties of barium hydrate
showed it to be quite 2o suitable.solute for extending
the range of experimeht° Solubility data were taken

from the I.C.T. (1ot Edn. Tol.4, p.236).

3. Rate of eryntal growth.
Crystale used in the experiments were 12-18 mesh,

and were prepared in the laboratory continucus crystallisew.
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Solﬁtiona were preparcd from an industrial grade of
barium hydrate supplied by Laporte Chemicals Ltd.,
and the solution was filtered before use to remove
eny barium carbonate present. The crystals wore not
as regular 1ﬁ shape as the sodium chloride or hypo
crystals, and the specific surface area was estimated
by weighing a batch of crystals, and neasuring the
dimensions of the individual crystals by micrometer.

The fluidising velocity was 3 cma./ sec. through
the empty fluidisation tube, and the duration of each
run was 10 minutes. Crystallisation was carried out
at 23, 33 and 40°C. The weight of crystals in the bed
at the start of a run was 4 gnms.
| The effect of supercooling on rate of growth is
qhown in Fig.29. The rate of growth is expressed as
gms. of barium hydroxide octahydrate crystallised por
hour per gm. of crystal in khe bed at the start of thél
run, and the supercooling is given in degrees Centigrade.
These results héve been recalculated in Fig.30 to show
the rate of_growth ag gms./qmoz x hr, and the superaaturaticn
as gmo.flitre.

When the growth rate increased beyond 0.05 gms./
c_m.,a x hr., i.e. o supersaturation of 2.8 gms.flitre,
the crystal quality became poor, and at high
‘supersaturations (4 gms./ litre) the surface becamo

covered with tiny, soft flakesg. Whenever these flakes
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formed they tended to fregment and form new crystals,
‘but in the batch planf ény fragments were swept away
with the fluidisirng liquid flow into the waste receiver.
Ao in the case of hypo, there is no change
" in growth rate with temperature, and the rate is
propoertioanal to the supersaturation. However, the
crystals schow a resisfance to growth up to a limit of
1.0 gms./litre, which is twice the wvalue found for
gsodium chloride at low temperatures. To ensure
caturation, the colution was ctirred for 24 hours at
constant temperéture before passage through the plant,
but the growth rate was negligible below 1 gm.flitre

supersaturation.

The resiastance to growth may not be on the'barium hydratﬁ
crystal sufface, but on the darium carbonate layer
present on the crystal. That is, the metastable limit
for barium hydroxide crystallisation on a barium
carbonate subéfréfe is 1 gmo/litre; ~ There was no time
availéble to attémpt growth measurements,under batch
conditions,on crystals which had never been in contact
with carbon dioxide. The nature of this minimum
supersaturation'for growth is very important since
the possible éutpuf will depend on this factor. In
effect the minimum supersaturatibn for growth is a '' blank'

value which reduces the possible driving force f{or
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growth® In an Industrial plant carbon dioxide must
be excluded*
The diffueivity of barium hydroxide is given
in the I*C*T* as 1*5 x 10_5 cm*8j sec* Assuming that
the restriction to growth below 1 gm *|litre is caused
A~ ( by the carbonate film, then the mass transfer coefficient
is 47*4 gms*/cm** x hr* x gm¥*/c*c*, which is of the
same order as the mass transfer coefficient for sodium
Mlr A chloride* The film thickness through which diffusion
takes place is 0012 m*m*, if a diffusion controlled
mechanism is assumed* Such a thickness is quite
normal and closely comparable with those already
suggested for sodium chloride crystallisation*® In view

of the negligible temperature coefficient, diffusion

control seems almost certain*®

Effect of dextrin on crystal growth*

In the continuous production of barium hydrate
it was found that dextrin had an effect on the crystal
structure, and therefore the effect of dextrin on the
crystal rate was studied* The rates of crystal growth
from pure solution at 33®C are compared in Pig*31 with
the rates of crystal growth from a solution containing
1 gm*/litre of dextrin* Over the range of supersaturation
studied the dextrin addition reduced the growth rate

considerably* As the crystals were  preformed the
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effect of dextrin on crystal shape could not be
determined here. In continuous runs it was observed
that " flake"™ growth was checked. Clearly the
dextrin had olowecd down surface adjustment, andrates

might no longer be éiffusion controlled.

3b. Crystallisatiori in the laboratory continuous

crystalliser,

The glass plant was reconstructed as shown in
Fig.32 to bring about crystallisation by cooling.

Hot solution was saturated in a temperature controlled
bath, and transferred.tol#gssel'E“Whére it was kept hot
by water at 65°C dirculéting through the jacket.

The hot saturated solution was added to the plant
through a valve, and the rate pf'dropping adjusted to
give approximately t@é.correot feeﬁ-rate. The solution
in the plant wao codied by tap water in cooler T o 22°C
end the cold waste solution was run out at P.  Product
wap renmoved from the basc of the crysfalliaer_at half
hourly intervals. .

The plent was operafed at a circulating;sblufion
temperature of 222390 (solution concentration 77 gms;/
litre), and a feed éélutidn temperature of 45°C (solution
concentration 184 gno./litre). The operatiomal

conditions and proddcf sizes are shown in Table 7.
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Table 7 - Size of Product Barium Hydrate Crystals.

Prodn.rate Wf;,df cryst. Duration of

(gms/ br.) bed(gms.)  run (hrs.) +10mesh 10-12 12-18 -18
50 400 24.5 20 10 50 20
50 800 16.5 = 15.56 15.5 57 12

100 800 16.0 23 25 47 5

Barium hydrate can therefore be crystallised to
give an 80% + 18 mesh product in a fluidised bed
erystalliser.

The product crystals were of good quality (Fig.33)
and the crystals were just as hard as sodium chloride
crystals. Most of the crystals were ovoids, discs,
of spheres, with no edges or corncrs visible, but when
they were cut open fhéy showed good lustrous surfaces.
A crystal was occasionally obtained which had a
bipyramidal habit, and the ovoids, discs, and spheres
could have been formed easily from this habdbit. The
crystals were in general much more rounded than the
sodium chloride crystals, and this agrees with the very
low value of film thickmess found, i.e. that crystal
growth is almost completely diffusion controlled.

Crystals formed by spontaneous nucleation in
the absence of a seed bed were very flaky and thin,
and developed into thin flakes with a low sfrengtha
They had grown in a dendritic fashion, and it took a

considerable time for these flakes to be removed from
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Figure 330  Product barium hydrate crystals



the bed as product, and be replaced by more solid,
bulky cryafals. It was found that the-addition of

1 gm./litre of dextrin aided the defgiopment of the
flakj crystals into5harder, sphericél'crystalé; As has
been shown, dextrin reduces the rate of crystal growth.
: | Cooling produced crystal growth 1n the feed tube
when solution saturated at 60°C was added to the plant.
This would be easier to avoid in a large plant by means
of steam tracing,'but at this hlgh concentration

(376 gms./litre) there will always .be a danger of
nucleation and subsequent blockage in the feed pipe;
and also local concentration fluctuafioﬁ{at the point
of addition will be higher, with subsequent greater
nucleation. | ;

The surface area of the bed was 14,000 cm.s and
at a production rate of 100 gms./hr. the growth rate
was 0.0072 gms.fcm.” x hr. Thie is a growth rate
which will give good quality growth (Fig.30).

The small plant waé only run up to a production
rate of 100 gms./hr., because it was thought it would
be easier to control low feed rates of hot saturated
solution on the semi-technical plant than on the small
plant. There were ho problems of nucleation or
crystal growth in the cooler at this rate, with the
plant working at 22-23°C, and the cooling water inlet
temperature at 16.5°C.
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3c. Barium hydrate production in the semi-technical plant.

Py

The pilot Q}éﬁ; was altered as echown in Fig.34

to convert it to a cooling crystalliser. Hot sgfgrated
solution was pumped irpm fhe saturation tank F ﬁﬁ fhrough
an electrically heated pipe liné to the mixing véssel E;

it was then mixed ﬁith the circulating,solution;.which
was cooled in heat exchanger D. The feed and
circulating flows were now measured‘by rotameters C.
A fines separator G was placed in the circulating strean.

At first it was attempted to grow a hed of crystals

from cold saturated solution by adding hot satuiéted
éolution at 45°C. Hasses of woolly flocs were formed,
ﬁhich on filtration proved to be compoeed'of tiny flakes.
These flocs were otill formed after the addition of &
bed of 50 lbs of iéfge crystals. It was discovered
that the flocculation was caused by air which entered
in the fortex in the mixing vessel, and travelled with
tﬁe'solution flow. This was prevented by bypassing
the nmixing vessel, and merely using it as a liquid
seal. The feed solution was then injccted straight
into the solution flow. It may be noted that it is
not possible to inject hot saturated solution through
a pipe projecting:below the circulating solution level.
The projection soon blockso up.

After the problem of flocculation was solved it
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was found that the nuclcatlon rate was too high. At a
production rate of 10 lbs/hr. some 9 1bs, of fines were
being produced for every 1 1lb. growth on é bed of 60 lbso,
of crystals. Aleo the solution flow dropped from

35 gallafmin. to 25 gollefmin. over 6 hours, and
obviously crystal growth waé taking place in the

cooler. The growth in the cooler could be removed by
steaning the outside of the tubes.

The temperaturce of the circulating solution flow
was 26°C and inlet cooling water temperature was 16.5°C.
The temperaturo differenco of 9.5°C cerosc the heat
exchanger tubes seemed rather high. In order to decrease
the temperature difference the cold water flow through
the heat exchanger was increased from 4 to 27 gdlla.[mino,
and the water flow waa.made counter-current inatcad of
co~current. This proceeduré euccessfuily lowered the
plant temperature to 21°C at the otart of a run i.¢. a
temperature difference of 4.5°C, even lower than that
used in the laboratory Oslo c:ystalliﬂere However, ths
temperature of the ciréulating solufidn rose steadily to
25°C, fines were still produced, and cryetals grew in

the hecat cxzchanger tubes and reduced the flow,. It was
not therefore a gquestion of poor heat transfer causing
crystal growth becausec of a high temperature difference,
but rather the formation of cryetalno in the tubes, even

‘at the low temperature difference of 4.5°C, causing
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poor heat transfer.

To investigate the possibility-or stainlees
steel catalyeing the nucleatioﬁ of barium hydroxide
the glass tube cooler in the small plant was replaéed
with alstainless'steel cooler of about the eame
dimensions. The same condi#;ons were reproduced as
in the glass cooler Operatioh, and there was no growth
in the cooler, or fines formation; and therefore there
was no catalytic effect,

The stainless steel tubes in the big plant had,
of course, been used for sodium chloride production, and
1t is known = that pitting is produced in stainless steel
by boiling brine, especlally in the presence of solid
crystals. To reproduce this effect the stainless
steel tube which had been used in the small plant was
etched with hydrochloric acid, and a temperature difference
of 5.5°C set up acrossg the tube in‘thé small plant.
Nucleation was produced, though not as excessive as
‘in the pilot plant, and crystal-growth waa:observed‘
in the tube where the cooling wate£ entered the heat
exchanger, This annular deposit grew until it blocked
the tube.

Since the fluid flow on both sides of the heat
exchanger was of the same order, then the equilibrium
temperature of the tubes would be 19.2°C. If crevices

are present in the tube wall on the solution side, then
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the solution will 1_:end_ to remain in these crevices, and
beconme supercooledﬂﬁy 2.8°C (i.0c. over the metastable
1imit) even though the generalisolution flow is
turbulent. How this degree of supercooling will cause
nueleétion and crystal deposition on the tube wallso'

There was no-time available to replacé 6r retube
the heat exchanger, énd therefore the temporary expedient
was tried of passivating the tubes with concentrated
nitric acid, and coafing with a thin layer of bakelite
repin. Pasaivatioﬁ'did not prevent cither the
nucleation or the groﬁth in the cooler, but the layer of
resin successfully prevented nucleation. There was,
however, Bome.crystal growth in the cooler.

A full scale plant would reQﬁire two heat
exchangers in parai]aje s0 that one could operate while
the other was being steamed. If the tﬁﬁea were of
stainless steel, as high a polish as poésible should be
given to them. There is also a posscibility of uoing
other heat tianafor materials. Impeiviouo graphite
probably has a surface which would prevent crystal
growth énd nucleationg and moreover fﬁe"high thermal
conduct;vity wouid.help to reducevthe gize of a heat
exchﬂngér; Thisc wéuld have to be large to carry a
1arge heat load at a temperature difference of only 5°C.
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3d. Goncluaiona,

(1) The rate of growth of barium hydrate 1s lincar

with respect to supersaturation, and there is a zero
texperature coocfficient of crystallisation over the
temperature range 20-40°C. The crystallisation is
probably under diffus%on control, and the mass transfer
coefficient is 47 gms.fém.a x hr. x gm./c.c.
A minimum supersaturation for growth was found, of
value 1 gn.[litre, but it was not proved whether this
is a true barrier; or whether this 1is the conceniration
réquired to build upon a barium carbonate layer.

The crystal growth becomes O0f a poor, flaky type
above 0.05 gﬁs./cm.z x hr., and the metastable limit
of nucleation is of the order of 2.8 gms./litre.

(2) It was possible to produce barium hydrate
continuously in the laboratory plant. The crystals
were good quality, clear and with a good lustre before
being attached by carbon dioxide. 80% of the product
was above 18 méah, but the crystal shape vas very
irregular, and of a spherical type. The crystal
productidn rate was equivalent to 10 lbs/hr. x £ta”
of crystalliser cross sectional area.

Pitting in the heat exchanger tubes of the
scmi-technical plant caused excessive nucleation, and

growth in the tubes. The temperature difference across
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the tubes should be kept below 6°C, end the tube
surfaco on the solution side should have as high a
polish as possible. With a good smooth surface on ths
tubes a production rate of 40 1bs/ft.. x hr. should be
possible before nucleation becomes excessive, both
from the bulk of the solution and on the crystal

surface.
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D. General Dd.scussiéhe

(a) The effect of diffuqion on the rate of crystal growtho

It was found that normally tho diffusive
presentation of solute to the crystal surface was rate
controlling, and the rate of surface reaction was
suhsidiary° Increage of temperature produced a greater
depéndehce on thé' rate of diffusion. . ;s 3738

In recent years many Workers have investigated
the rate of growth of single crystals, both by
rotation of the crystal, or by pumping solution past a
stationary crystaxo In every case they found a
reaction which was governed by the rate of diffusion
at iow felative‘véiocities of crystal and solution,
but above a]certain crifical velocity diffusion wéb
no longér important, énd crystalliéétién wag surface
reaction controlled. This minimum velocity variéd
with the solute, buf wap of the order of 1 £t.] sec.

| iHow the velocity of solution past the crystél
in this work was of the order of 0.2 ft;lseco, and this
‘velocity remained approximately constent with fluidising
flow, since a fluidiaed bed is free to expand. The
fluidieing velocity to 1ift the eryctal will vary with
crystal size, and crystal and solution density, but most

inorgaric crystals'have a density of from 1.5 - 2.5 gms./c.0.
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and a solution density of girca 1.2 gms./c.c., and
therefore the relative velocity of crystal and'éc;ption
~ will be ebout 0.2 ft.fsec., for the crystal size range
~8studied. Therofore it is possible that in all |
crystallisation in fluidised beds the diffusion step
will be extremely important, as was found for the
threé-solutes experimentally tested. It may be noted
that in all industrial crystallisation, whether by
mechanical agitation or natuial boiling, the crystal-
solution relative velocity will dbe well below 1 ft./sec.

As added evidence it may be stated that hypo,
under continuous produétion-conditionsg was found fo
grow almost as fast as it dissolved, althoughhypo,
with its beautifully formed faces,might be considered
to be a surface reaction controlléd crystal.

One uncxplained point is that Butler after
increasing the rate of rotation of a hypo crystal until
further increase made no difference to the groﬁth
rate (i.e. diffusional:fesistances were negligible),
only found a growth rate of one fifth that found for
crysfale growing in a fluidised‘bed where diffusional
resistances were quite high. The only explanation meems
to be that the qualify of Butlers single crystals was
superior, and the faults and imperfections in the Oslo
crystalo increased their growth rate greatly, so that

the rate of solute presentation bj diffusion became
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extremely important., The continuous collisions may
have caused these faults, which were portrayéd by the
thick layers on certain crystal faces.

It should be noted that industrial crystals need
not have the perfect reéularity of single crystélu which
are required for optical and electrical purposes. If the
slight misfits in the layers only decrease the crystal
quality slightly, but also increase the growth rate,
then they are beneficial from an industrial point of
view in reducing the size of apparatus necessary for
a given production weight.

Sodium chloride and barium hydrate crystals
tended towards a spherical habit. Now this rounding
was probably caused bj attrition, especially since the
larger crysfals were more rounded than the small, but
since corners and edges did not grow again it is
auggested that the surface recaction rate was rapid
compared with rates of diffusion, as was proved by
measurements of growth rates, and that the surface
reaction is anisotropic. The relative sharpness of the
corners and edges of crystals grown in fluidised beds
will, to some extent, indicate the importance of the
surface reaction in the'crysta1iisation'mechanism.

It was found for each solute tested that increase
of supersaturation beyond a certgin 1imiting value

produéed a very poor type of crystal growth, e.g. irregular
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grahules and stepﬁéd gfowths covering the surface.
This was a form»of-dendritic growth, and occurred just
below the eupersaturation where new crystals appeared
in the solution. It is possible that these new crystals
wera formed from particles rubbed off the crystal surface
and that true nucleation of the bulk solution never
occurred., The supersaturation value causing dendritiec
growth and nucleation will be a function of the solute
diffusivity, but the Bqlution viscoaity and ease of
packing of the solute molecule will also affect the
value. Sodium chloride, barium hydrate, and hypo, have
metastable limits for nucleation at 30°C of 1.6, 2.8,
and 50 gms./litre respectively (supersaturation ratios
of 1.005, 1.025 and 1.048) and the values are roughly
in the order of decreasing solute diffusivity (1.8,
2.0, and 0.7 x 10 ° cm.zjsec°) and increasing molecular
weight (58.5, 315, and 248 gms.[mole).

Since it has been shown here that diffusion
plays the major role in the crystallisation of the
three solutes examined, it is interesting to compare
the experimental resulte with those of other workers,
and to try to achieve an overall correlation for the
effect of diffusion on growth rate. This is shown
in FPig.35, which ioc a plot of Mass Transfer Coefficlents
againot Schmidt Numbers. Only a limited number of

suitable data is available, and results at low temperatures
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have been omitted as too subject to surface control,
but the figure shows that there is a possible
relationship based on diffusion constants, which can

be put in the form

~0 .67
K = 22 Sc

The exponent of 0.67 is the pame as that
ugsed for diffusive mass transfer from fluidised béds.vv
Unfortunately, diffusion coefficients have never been
measured in supersaturated solutions, or even in
concentrated solution, and the viscosities of
supersaturated solutions are also unknown. If these
figures could be determined, and the rates of growth
for other solutes determined, then the validity of

such a correlation 6ou1d be more fully tested.

(b) HMetastable limit for growth.

A theoretical minimum supersaturation, or
metastable limit, for growth has been suggested by
Volmer:?’ss but crystals grow at supcrsaturation levels
which are far below the proposed 50% supersaturation.
However, even with a dislocation growth mechanism
it is possible that such a metastable limit for growth
may exist. Thus, a definite metastable limit for
growth was found for sodium chloride crystals at
temperatures less: than 50°C, the value of the limit

varying with temperature. A growth limit was also found
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for barium hydrate, but it may have been nucleation
on a barium carbonate layer which caused the barricr.
The lowest supersaturation measured in hypo
crystallisation was 6 gms./litre, and therefore a
érbwth 1imit is also possible for this solute, since
the 1limits for sodium chloride and barium hydrate were
0.5 and 1.0 gms./litre respectively. Examination of
Fig.20 will show that there is a_tendéndy for the
growth rate of hypo to decay below 20 gms./litre.

I.C.1I. workera91 have also found a minimum
under-saturation necessary for sodium chloride solution,
i.e. the curve of growth rate v. supersaturation
repeats itself on the solution side with unsaturated
golution.

The nature of this barrier to growth must be
connected with the formation and development of growth
by a dislocation mechanicn, which at higher
supersaturations is overcome by diffusive presentation
of solute. Cabrera and Burtongg propose such a
mechanism, and Fig. 36a chows an ideal growth curve
for this mechenism. KNeither sodium chloride nor
barium hydrate, with or without additives; showed growth
curves of this form, but rather that of Fig.36b.

It has been suggested by I.C.I. workers that if sodium
chloride growth is taken to higher_supbraéiurations
then a growth curve is developed similar to Fig.36a,
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and hypo crystals at -24°C (Fig.zo) certainly ehow &

growth curve of this ‘form.

(c) Effect of teﬁpérathre on growth rate.
 The rate of growth of sodiun chloride crystaln
was found to increase W%th temperatuie, while'the
rates of growth ofAh&§oAand barium hydrate crystals
were- found to be independont of temperature.  Fow the
factors affecting rate of growth are the rates of
surface reaction and diffusive presentation of solute.
It is suggested that the rate of surface reactidn_will
rééemble a chemical‘reaction, and will probably show a
high temperature coefficient of growth. Any zero
teﬁpérature coefticient of growth must therefore be
-explainéd by some other hypothesis than surface reaction
phenomena.

. The diffu91v1ty of the solute will be a function
of the absolute - ~temperature, the concentration of the
soluto, and the viscosity of the solution. Increasing
temperatﬁie>wi11‘ihcreaée the diffusivity; increasing

concentration and viscosity will decrease the
diffusivity. On the baéia of these assumptions the
effect of temperature on rate of growfh may be .
considered for each:soluteo

Sodium chloride shows little increase in
concentration with temperature, and a decrease in

viscosity with témperature, aﬁd theréfbre the diffusivity
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should increase with temperaturc alone. The rates of
growth will be more complicated at low temperatures by
the effect of the surface reactioﬁ. The experimental
results agree ﬁifh the above, sincé above 50°C the rate
of growth is proportional to the effect of temperaturs
and viscosity on diffusivity.

Hypo has a rate of growth which is constant
from 30-40°C, but is reduced at 24°C. The diffusivity
should remain constant from 30-40°C, because of the
minimum in the viscooity-temperature curve (Fig.25).
The effect of increasing concentration will pot be too
great, since the initial solubility is high, and may
well be balanced by the increase in the surface
reaction rate, which certainly increascs from 24-30°C.

The fact that barium hydrate has a zero
tenperature coefficient of growth can only be explained
by variation in the rates of diffusion with temperafure,
since the mass transfer coefficient is high enough
to suggest a diffusion controlled crystalliaation
process. The diffusivity will increase and viscosity
will decrease with iemperature, in adlufions of
cocngtant compositioh; but a high temperature cocfficient
of aolubility, with a low solubility at 20°C, will cﬁeck
these changes, because of the rapidly increasing
concentration.

The theory of growth rate variation with
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temperature must remain hypothefical until experimental
measurements are made of diffusivitics and viscosities

in supersaturated solutions.

(d) The effect of solution velocity on growth rate.
Since a fluidised bed is free to expand with

nolution flow the effect of.solufion vglocity-on growth

rate should be small. However, the effect of

solution velocity was found to be appreciable.

The exponents of the modified Reynold's Humbers in

the equation -

x
were 0.13 and 0.25 for sodium chloride and
hypo. It io suggested that the emall diameter

fluidisation tube (1 inch), and the shallow beds used
-in theexpefiments combined to produce a wall effect,
and it was only at the higher velocities that the
bed was freely expanded, with better distribution of
fresh supersaturated solution.

However, the variation with velocity is small
from an industrial point of view, but is, of course,

important theoretically.

(e) Pactors effecting scale up of Oslo crystallisers.

73
Griffiths stated that crystallisation rates
are very fickle constants to measure, and unless thorough

agitation is used repeatable crystallisation rates are
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impossible to achieve. Xow it can be seen from the
various graphs that the crystal growth rates were
reasonably regular and repeatable. Furthermore,

since the investigation of sodium chloride was carried
out from a batch scale up to a continuous pilot plant
scale, and the results werc consistent throughout,

then it - is justifiable to say that a small, batch cooling,
fluidised bed crystalliser will give results which

are applicable to continuous fluidised bed crystallisers,
whether cooling or evaporative models.

Seldom do two investigators find the same value
for the growth rate of a specific solute. In a
discussion on the effect of agitation on sucrose growth
rate Ven Hook aaidga ®* Opinions differ concerning fhe
influence of stirring and agitation upon the crystallisation
velocity of sucrose. Experiments on this question have
lead different investigators to.conclude that there
is either a pronounced effect, or relatively none -
noncommital decisions being relatively few.'

The main reason for variation in investigators
results is that there is a big variation in experimental
conditions, and therefore the results obtained in the
present experiments should only be applied to the
design of Oslo crystallisers operating at fluidisation
velocities of 3-5 cms./sec.

Any increase in diameter of the suspension
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holder will almost certainly cause a different
fluidisatibn‘pattefn, and this may have a marked effect
on crystal size and crystal quality. For exampie,
crystals grown in shallow beds in the bateh cooling
crystalliser showed poor growth structure above 0.0? gns. /
cm.8 x hry no poor growth was observed in the érystals
from the continuous pilot plant, where crystals growing
at the base of the vessel might well have exceeded this
rate of 0.07 gmscjcm.z x hr. The reason ﬁas probably
that the system of fluidisation in the deep bed allowed

crystals to vary their position greatly, and therefore

kept their average growth rate below the critical wvalue.

(£) Continuous crystal prbduction.

A granular crystal product which was above
16 mesh size (> 1 m.m.) was obtainéd from each of the
solutes tested. In terms of sparkle and crystal
hardness the quality was always ekqéllentm

If the supersaturation increased beyond the
metastable 1imit then excessive nucleation occurred,
but the results of excessive nucleation were different
in each case. Sodium chloride prbduced a myriad of
tiny, cubic crystals, which turned the circulating
gsolution to a milky colour. Barium hydrate produced
many soft, tiny flakes, while hypo produced relatively
few nuclei which grew fairlyquickly to a considerable

size (0.5 m.m.). By means of a fines separator an
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-~
excess of nuclei can be removed, but the increased

production caused by high supersaturation is small
compared with the added plant complications. A fines
separator is only necessary to allow for any
fluctuation in operational conditions, or where it is
vital to produce large crystals.

The possible production weight 1is therefore
limited by the metastable limit, and the fluidising
flow. If the case of sodium chloride is considered,
then a production rate of 40 1bs./ft.z X hr. of 2 m.m.
crystals was obtained at a metastable limit of 1.6 gms./
litre, and a fluidising velocity of 3.2 cns. | sec.

A fluidising velocity of 6.4 cms./sec. would make possible
a production rate of 80 1lbajft.. x hr., but the bed
height would have to be increased to allow for the
decreased bed density, and for the increase in crystal
surface area necessary to absorb the extra crystalline
material. In fact, the bed height would be 1ncieased
from 3 ft. to 11 ft. A disadvantage caused by.
increased velocity is that more of the small crystals
will be swept round the system, and in general a more
rounded product will be obtained because of the
increased attrition.

Griffithsva proposed an empirical design figure
for crystallisers on a crystal production per unit
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volume basis. He called this tho Sepération Intensity
Factor, and claimed that all crystallisation 0pérations
should be carried out at between 6 and 30 lba/ftoa x hr.
for a 1 m.m. grain product. The experimental results
obtained are shown in Table 8, which chowpo reasonablo

agrecenent with Griffitha' range.

Table 8 -~ Separation Intensity Factors.

Solute Crystal oize Production rate S.I.F. for
L. 1be.fft.% x hr. 1 m.m. grain
podium chloride 2 13.5 27.0
hypo 6 | 12.0 72.0
barium hydrate 1.5 6.0 9.0

The comparison between continuous production '
by cooling or by evaporation was made using two different'
solutes, sodium chloride and barium hydrate, but théy |
werc both of the same type, having a high growth rate
and nucleating readily at low supersaturations. It was
found to be slightly easier to operate an evaporative
plant than a cooling plant. If the metastable limit
was exceeded in the evaporative plant then an excess
of nuclei was formed, but with little deposition of
crystalline material on plant surfaces. The excess
nuclei could be removed in a fines separator.

Exceeding the metastable limit in a cooling plant brings

about blockage of the cooling tubes as well as excessive
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nucleation. The cooling plant therefore requires very
careful temperature cqﬁtrol, and probabiy a spare cooler.
In an evaporative cryotalliser small crystals will tend
to dissolve on passage through the heat exchanger,

while in a cooling erystalliser they will tend to grow
on pasgssage through the heat exchanger. Good vacuum

and temperature control is, of course, necessary in

a vacuum evaporative plant, since a sudden increase

in vacuum will produce a shower of nuclei.

Another difference between these forms of working
is that the problem of flocculation twas met with under
cooling conditions, but not under vacuum evaporative
conditions. Under vacuum conditionsQany air circulating
with the solution was femoved in the flash-head, whereés
any air entering under cooling conditions was frce to
circulate and form stable flocs with small erystals.
This mechanism may have been aided in the cooling
crystalliser by the alkaline nature of the solution,
since such a solution is more prone to form soapy
foams than the neutral solutions used in the vacuum
crystalliser.

Correlation between laboratory and plant conditions.

The work on continuous crystal production was
hampered by lack of time and labour. Since crystallisers

take a long time to reach equilibrium coéonditions,
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automatic control of temperature and volume of feed,
crystallisation.temperature'and cooling water flow,

and rate of product removal is necessary to reach stable
coﬁditions. Shift operators are algo neceasary to
prepare feed solution-and process further the product
crystala.  Perhaps the nearest approach in a College
laboratory to continuous conditions, with the minimum
of supervision, could be achieved by use of a glass'
laboratory plant, automatically controlled, with a large
feed reservoir and a large finished product tank.

Product removal could be governed by a slide wvalve
controlled by a photo-electric cell focused on the
fluidisod bed level. If a deep bed (6 f£t.) is

used in such a plant, then conditions should approach
very closely those of a full scale plant working

cbntinuously.
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E. Agpendicea. o
(a) A flow meter for hot saturated ealt solutions.'

In the course of the work on the crystallisation

of eodium chloride it became necesaary to measure the
flow of hot saturated eolution passing vertically |
downwards through a plpe of two 1nches dlameter, a% a
rate of 25-35 gallons pex minute. A conventional
rotamcter was not readily obtainable, while the orifice
plate originglly 1neta11ed, with leads to a gauge, was
choked atlbnce with salt depositso. .A section of the
pipé.was replaced by a three foot ;ength of two inch
bofé~éiasg tubing, in which was hung, by a supporting
wire épidex, a vértidal spring with a wooden bobbin at
the end (Pig.37). The spring was of phosphor bronze
wire, coiled to a 2 inch diameter, with 12 turns to the
inch length, and a total length of 9 inches. The wire
was 18 5.W.G. in thickncss, and the coil, as constructed,
gave an extension of 0.092 cms. per gram of load.
The wooden bobbin, in hard wood, was o cylinder of £ inch
diameter and L inch long.

The extension of the spring in the tube was
calibrated against saturated aalt‘solution at room
temperature. The results are shown in Fig.38. Since
the spring extensibﬁ shoﬁld be proportional to the
velocity head, the extension has been plotted against
the square of the gblution flow in Pig.39 which shows
this relation as generally establishedythough there is
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break in the middle of the graph.

The device was 1n3ta11ed in the crystalllsatlon
plant, and operated wzth entlre satlsfactlon for
about 12 months of intermittent use. No crystals
formed on either épfing or bobhiﬂ}~déspite the
occurrence of.sligﬁfly supersé£ﬁfated qonditions, and
the présence of fiﬂé crystals in fhé circulating solution.
Since then some experimental Work has suggested that -
the device would operate more smoothly in a smallcr

tube - about 1.5 1nches in diameter.

Y

(v) Crystallisation of sucrose.

Sucrose is a very important foodstuff, and it
is estimated that 43 million tons are manufactured each
year. Perhaps the most important of the manufacturing
processes is that of crystallisation where careful
control is necessary in order to preﬁare high purity
crystals of the correct size. Crystallisation is
carried out in vacuum evaporators with natural
circulation, and may be finished in stirred cooling
crystallisers. These operations are carried out
batchwise under very variable conditions, since at the
beginning of a batch only a small amount of seed is
present in a large volume of solution, while at the end
of the run a large mass of product crystals are present
in a small volume of solution.

The surface arca therefore varies greatly, and
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_at the start of the run, when the surface area isAsmall,
‘a small productibn’rate'must.beiadopted to prevent
excéssive nhcieation. However, since the circulation
is normally thermal circulation, a omall production
rate means poor circulation; also at the end of the
run when the magma has thickned, the dense, viscous
nass prevents eagy circulation. We’bre95 suggested
that the 0slo crystalliser would produce more constant
conditiona, and would especially help in the production
of large (6 m.m.) preservihg crystals, where the
available crystal surface area is small and " false
grain" 1is undesirable. Ho mention has been found
in the literature of any experimental work on the
crystallisation of sucrose in Oslo crystallisérs°
Crystallisation experiments were carried out in
the laboratory 0slo crystalliser at 35 and 55°C, and
the crystals in the bed grew readily to 6 m.m. crystals
at a 100 gms./hr. production rate. It was found that
the fluidisation velocity had to beeirca 0.5 cms./sec.,
or large 6 m.m. crystals were swept over to the punmp,
and blocked the lines. The density of sucrose
is 1.59 gme./c.c., and the density of saturated sucrose
solution is 1.355 gms.[c.c. at 55°C, This very small
density difference makes even fluldisation very
difficult, and the crystals behave like feathers

floating on air currents, any currents of solution
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carrying them avay to the punp. This was intensified
by the hecavy oyrup ccuping cavitation at the pump

at vacuum greatcor than 22 ino. of mercury, and by
fluctunting pump flow, caused by resistance in the
pump gland from carmelised sugar. These practical
difficulties might be ovexcome on a full scale plant
becausc of the greater hydrostatic head, the smaller
relative resistance on the gland of a large pump, and
the fact that a larger pump and pipelines would not
block so readily with large crystals. However, thero
will always be a tendency to draw large crystals through
the systemn.

Pure saturated sucrose solutions have a
viscosity of cixca 1 poise, which decreases with
increasing fémperature, and supersaturation can more
than double ihe viscosity. Impure saturated molasses
can have viécoeities as high as 200 poises, with
normally a minimum viscosity at 50-60°C, and solution
viocosity may therefore be an extremeoly important
factor in sucrose crystallisation in industry.
Extensive work has been done on the rate of growth of

90 ,06 (97
gsucrose crystals,

and it has been suggeated
that above 70°cu the crystallisation of sucrose is
diffusion controllcd. Normal industrial crystallising
temperatures are 60-65°C. Therefore any method of

increasing the crystal slurry turbulence would be
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beneficial,

During high productibn rates the massecuilte
velocity through the heating tubes is of the order 6f
15 cms.[sec.98 The relative vélocity of the crystals
and solution may therefore 5e higher than the 1 cm.|sec
appeftaining to the Oslo cfystalliser. However, at
the end of a batch, the massecuite velocity through
the heating tubes dropsM to 0.3 cms.f sec. Therefore,
overall, the Oslo crystalliser would probably have as
much agitation during production as a natural circulation
evaporator, and there would be advaﬁtages gained in
_better nucleation and temperature control i.e. no
hydrostatic head causing high‘boiling temperatures
~and dissolution of crystals.

K’ucharenko90 studied the rate of-eucrosé crystal
érowth, and his results may be recalculated 1o give
a mass transfer coefficient of 0.78 gms.[cm.z i hr. x gm./
c.co, at 60°C. The metastable limit of sucrose is such
that the ratio of supersaturated to saturated
concentration is 1.2 before nucleatién becomes
exc:e:ass:i.ve..m° At 60°C this represenfs a supersaturation
of 184 gms.llitre and therefqre a crystal growth rate
of 0.144 gms./cm.z x hr. at inlet to the béd° If a
concentration drop of 100 gms./litre through the bed
is assumed then the production rate wiil"be 375 1bs/hr.

at a solution velocity of 0.5 cms.[/ sec. through the
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ouspension holder. The log. mean supersaturation

will be 128 gms.f litre, which will produce an average
growth réte of 0.1 gms./cm.e x hr. If the bed crystals
are assumed to be 6 m.m. in size, then a fluidised bed
depth of 12 ft. will be sufficient to reméve-the
.deposition concentration. The- rate of crystal growth
under these conditions is comparable to that of hypo
crystals in the proposed full scale crystalliser, and
therefore a sucrose crystalliser 4 ft. in diaﬁeter‘and |
12 ft. deep should produce 1.8 tons per hour of iarge
sucrose crystals. The crystal size will of course
depend on the nucleation rate under'thesé cbnditions,
but the supersaturation ratio of 1.2 is generally
accepted as giving a low rate of nucleation.

For the réasons already’étated the experimental
work was discontinued in the glass plant, and not
attempted in the pilot plant because the high
temperature coefficient of solubility made continuous
work for several days essential, and created problems
of handling large volumes of highly viscous syrup
with limited equipment and labour.

Appendix ¢.

Mathematical treatment of crystal size distribution.

The following theory has been ahstracted from

71
the work of Saenman.
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The relationship between crystal size and

" volume may be given ago

N _ | 3 :
1l = k1V3 : o (1’)

where k; is a constant.
The relationship dbetween growth rate and

supersaturation may be given as

a1 o,
at = k8 @ ———————e———ee (2)

where k, is a constant

or 1 = k,St (3)

Now for classified product removal (i.e. only
full sized-ciyatals are removed from the suspension)
the number of crystals in suspension smaller than 1
is equal'to the sced rate N, times the age t of crystal,

size 1,

y = _ m
le. 2 = Nt = 35 _ (4)

A similar relation between cumulative crystal
weight and size l'may be proposed. If d2 is the
number of crystals in size increment d1 then

3
aw - leds . ; (5)
1

where p io the crystal density.

Using the derivetive dZ from equation (4)
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o
1pNdl

W = ks =" '.(6)

which on integration gives

4
_ pN1 .
Vo= 4EES T =7

and therefofe fhe cunulative crystal weight varies as
the fourth pdwer of the crystal size.

‘The. actual crystal age may be éxpressed és a
function of the draw dﬁwn time T, which is the ratio

of the ﬁeight of suspension W, to the production rate, P,

or
= ¥
RN 13
Nowl P = —_E:_-
W_ pN1/4 kkS
[ 1 .59
and therefore T = P = SN 1.-.;/ .
1
_ 1 -
= IL,S -=(9)
and since 1 = k,St
=3
T =g - (10)

Therefore the age of classified product crystals is
four times the draw down times.

To facilifate further work it is convenient to

replace absolute crystal size 1 by % where
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L = k,ST

4
Thus W = LN — (7)
4 kik,S ‘

3
HPIL 1%
= A () (11)

4
The function (%-) 1c plotted against £ in Fig.40.

Mow the product crystal size for classified
removal is 4L, and therefore the total wpight of

suspension io

S
N TL AL, |4
p4k, (%%

W

S
642 KN T L - (12)
4 kl ’

Size distribution for mixed product removal.

In thio case product is withdrawn diredtly
from uniformly mixed suSpension;"and’therefore the
probability that smaller érystals will be removed
as product 1s proportional to the respective poﬁulation
densitiea. It follows that.there will be more
snall crystals present in the suspension than will be
accounted for by:the simple fourth power ﬁclation.

It may be assumed that the ciystal size range

is subdivided into equal size intervels, where n is the
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population density of crystals within the interval.
Since the number of crystals withdrawp per unit time
is proportional to the population density and the

withdrawal rate

dn  _ n
and therefore -t
w :
n = nge - - : (14)

where n, is the initial population density of seeds.

The value of n, i1s equal to the seed rate

divided by therate of growth, or

o = %5 . - -——(15)

Souation (14) can then be rewrittcn as
-1

- 3T
n = i~ €
liow as showm previously the weight of crystals in any

size interval is

S
R
Iy

In this case 4% = n 41, and so
‘ NT s ~L
a = (A=) 1 e T 4l —eemeeee- (17)
k,L

which wher integrated gives



§d
2o
]

-1,

o
,rF' s P} . = l - . ) S . -

Wm0 oo (2R L.{6 + 6(37) + 3(5) + () ] =-=(18)
) I 8 I

and hence

3 “]; 2 s
W= PRI Y6 -e T).f6+6() 3 + () ] -—-(20)
1 A4 IJ

The variable term in equation {19) can again de

represented as a function of (%)

i‘(l — a “;. ( -:l;) (;’H:. 2 o 3;)3 } e’
f) = (6 «e I) [G.+ 6(f) + 3 L) 2 () ] e (26)

and iz plotted in Fig 40.

Equation (13) also represents the crystal

gize distribution for cryétals withdrawn as product

D U T A G SR G T OO S TP D F €8 - O

or by analogy with equation (17)
L 1
s R S (23)

Ilow the derivative curve for f(%) with respect to (%)

is shown in Pig.40, and it can be seen that mixed

product will have a dominant crystal size of

ot

339
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conpared with the size'% = & found for claasified

production.

Conmparison of seedines reguirenents for both asysters.

Oow under equivalent conditions of bed weight
and production rate,the draw down time T and crystel
reference size 1, will be the same for both systems.

Theaonly different seed rates can produce

equivalent conditions in both systema.

3
. _ 64pH, TL _ o, .
i.e. Ya'c kt = im - "-(2‘.!:)

6p 8y T L
ky

-]
and P, = 82PFel . p -(25)
ky

: S
6, Ep L
k,y

where subscriptoc ¢ and n refer to classified and.

mixed removal of product.

Hence N, = 0,094 Em
and therefore under comparable conditions the
required seed rate for mixed product~ia eleven times

the number required for classified product.
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Homeng;gtufaa

r - radius of particie or nucleus, cns.

fm - molecular volume, c.c.)gm. mole.

v - volume of a molecule, c.C.

/Py - molecular density, gnm. moleslc.c.

0 - surface area of a gm. mole of particle, cmoz

Cc - solute concentration, gm./c.co

Cg =~ saturation concentration, gnm.Jc.c.

8 - excess of solute over the bulk solution valus,

gm.’coce

¢ - surface tension, dynesfcm.

R - gas constant.

T - absolute temperature, °K.

P -~ vapour pressure, m.m. Hg.

A - surface arca of particle, cmo3

N - éhemical potentional of a molecule, cals.
AG -~ change in free energy, k.cals;lgm° mole.

J. - nucleation rate, number/sccg

Ec? - activation energy for diffusion, k cals.,gmo hole.
K - maso transfer coefficient, gnms. em.” x hro x gmolcnco
D - diffuoivity, cm.zlsec.

- film thickness through which diffusion is taking
plaée, cnde.
kR ~ purface reaction velocity coefficient, gms./cmoa %z ny,

= gm.fc.c.
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solution viccocity, poised.

inﬁerlayer spaeing - cns.

number of nuclei formed per hour.

nuzber of f£inc crystals rexmoved per hour.
number of product crystals removed per hour.
weight of finc crystals removed per hour.
wveight of product crystals raroved pér hour.
pize of fina orystal, f£t.

sice of product crystal, ft.

weight of cryétals in susﬁension in fluidised bed,
draw dowvn time, hrs.

rate of crystal growth, gms. gm. x hr.

rate of crystal growth, gmso[cmo2 x hr.
experimental supersaturation, gms.[litre°
fluidising velocity, cmsojseco

cerystal equivalent diameter, cma.
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