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ADSTRACT

One of the principal steps in the formation of a calcium
sulphate deposit on a surface under isothermal conditions is
shown to be the nucleation of crystals in the bulk of the sclution
followed by their attachment to the surfzce., The case of attach-
ment of the ecrystals depends on the supersaturation and agitation
of the solution as well as on the smoothness of the surface, but
it appcars to be indcpendent of the surface material. 1t is
shovn that by controlling the number of crystals in the bulk of
the solution or the access of these crystals to the surface, the
number of crystals attached can be controlled.

The rate of nucleation of hemihydrate and dihydrate has been
measured under isothermal conditions. The induction time for the
hemihydrate is shortcer than that fcr the dihydrate in simple
calcium sulphate solutions; the induction time for the hemihydrate
is reduced even further in mixecd calcium chloride and sodium
sulphate solutions.

The growth ratcs at controlled levels of supcrsaturation
and stirring velocity both of single hemihydrate and dihydrate
crystals in the bulk of the selution and of massive deposits of
these crystals on a metal surface have been measured, and a
direct relationship is indicated. From the effect of stirring

on the growth rate of single crystals, the relative contributions



of mass transfer and surface reaction to the overall growth rate

of the dihydrate are found, and it is shcwn that the growth rate

is controlled to some extent by the rate of mass transfer cxcept

at. low supersaturations and high stirring rates. When mass transfer
ciffects are climinatcd, the surface rcaction rate is found to be
epproximatcly proportionzl to the sccond power of the supcrsat-
uration. Also, it is shown that the growth of the hemihydrate

can be inhibited by a coating of glass dust on the crystal surface.
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CHAPTER 1

Introduction

1.1 The Scale Problem

Ses water is a rather complex aqueous solution
contsining meny inorganic salts as well es lesser amounts
of organic materials. When it is distilled to produce
fresh water, the concentretion of the dissolved selts in-
creases as woter is removed. Since normal ses water is
greetly undersatursted in most of these selts, & consider-
eble amount of water could be removed were it not for e
few selts having low solubilities which decresase with in-
creasing temperature, If the concentration of these sslts
exceeds the solubility, e scasle forms on the most convenient
surface. Becezuse of their negstive solubilities, this
generally occurs on the hottest surface in contsct with the
solution and causes a reduction in efficiency of distillas-
tion.

As many ss fifty elements heve been detected in
sea waterl, but nine of these comprise over 99% by weight
of the total dissolved solid constituents. A typical for-
mula for preparing synthetic sea Water2 incorporating the

major elements present in natursl sea water is shown below.
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CONSTITUENT CONCENTRATION
(parts per million)
Sodium chloride 27,200
Magnesium chloride 3,800
Magnesium sulphate 1,600
Calcium sulphate 1,300
Potassium sulphate 900
Calcium cerbonate 100
Magnesium bromide 100
35,000

There are three salts which form the major pro-
portion of the scales produced in sea weter distillation.
These ere calcium carbonate, magnesium hydroxide and cal-
“cium sulphate. The first two salts are formed because of
the production of carbonate and hydroxyl ions when sea
water is heated:

2HCO3™ —3 003= + HO + co,t (1)

CO3™ + H,0 —3 20H™ + CO,T (2)

When the cea water becomes supersaturasted ia the two salts,
deposition occurs. The simplest and most effective method
of control is to entirely prevent deposition by reducing
the pH of the sea water to a slightly acidic value. Since
the above reactions proceed only when the sea water is

alkaline, they can be repressed by the addition of an acid

or an acidic salt., In this way, the concentration of the
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two salts never reaches solubility during distillation,

Calcium sulphate, on the other hand, is formed
in sea water distiliation by concentration of the calcium
and sulphate ions present initislly in sea water. When
the concentration exceeds the solubility, cslcivm sulphate
deposits as e scale., Its formation can be prevented by
keeping the sea water unsaturated in celcium sulphate during
operation, but this allows only about two thirds of the
total water to be removed. Although there are various ways
of improving this yield (by suspending calcium sulphate
crystals in the sea water for example), calcium sulphate
scale is less readily prevented than the carbonate or
hydroxide scales. Tor this reason, the present work has
been confined to a study of the kinetics of calcium sul-
phate deposition.

Considerable reseerch on scaling hes been under-
taken but surprisingly little of this hes been concerned
with the fundemental mechanisms involved. It appeared,
however, that before any meeningful study on scaling in
sea water can be understaken, it would be advisable to make
a study on scaling in pure solutions. This is because of
the extremely complex nature of sea water. It is known,
for example, that the solubilities of the scele-forming
salts are affected by some of the major constituents of

sea water and it is not unreasoneble to expect that both
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the inorgenic end organic constituents will influence the
nucleetion and growth rates and habits of the scele-forming
selts, In fact, Ridge et al.B’A, McCartney and Alexander?
and Cunningham et al.,6 have found thet the addition of
small amounts of verious inorgenic and organic materials
to celcium sulphate slurriecs hes 2 pronounced effect on
the setting time of the plester and on the size and shape
of the celcium sulphete crystels. The present work has
therefore heen confined to 2 study of the kinetics of
celcium sulphate scele formation in pure solutions es en
approech to understending the formetion of scale in more

complex solutions.

1.2 Previous Studies on Calcium Sulphate Scels

Formation

Several views have been advanced on the mechanism
of scale deposition. Partridge7 published a good review
of the importent contributions prior to 1930, and a more
recent review has been cerried out by Badgers.

The observetion that celcium sulphete scale grew
most rapidly in the hottest parts of a2 boiler was first
made over 100 years ago by Cousteg. More recently, Hal 111

found that salts with a negetive solubility curve
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tended to deposit as adherent scales directly onto hotter
surfaces whereas salts having the normal positive solubi-
lity curve deposited chiefly as non-adherent crystals in
the cooler parts of the solution.

Partridge7 investigated the formation of calcium
sulphate scales from purre solutions boiling on a heated
surface, He showed that the mechenism of deposition was
nucleation and growth of crystals at the triple interface
formed by the bubble, the solution and the heated surface.
This wes indiceted by the ring of crystals remaining on
the heated surfece after the bubble had detached itself.
He postulated that becesuse of increased resistance to heat
transfer in the bubble of vapour, loczl overheating of the
heat transfer surface occurred causing increased evapora-
tion of water into the bubble from the thin edge of solu-
tion at the triple interfece. This would result in a
higher degree of supersaturation at the triple interface
causing rapid deposition there.

Freebornl2

extended this work to pure boiling
solutions of other selts found in naturel waters. He
found thet salts with negetive solubility curves generally
gave permanent rings on the heated surface whereas those
with positive solubility curves exhibited trensient rings
that redissolved after the bubble detached from the sur-

13

Tece. Golightly and McCartney obteined similar results



1k

in a study of the effect of 2ir bubbles on the deposition
of calcium sulphate on a heated surface.

Gordon end SmithuP made the first systemstic
quantitetive study on the kinetics of calcium sulphate
scale formation in pure solutions. The inducticn time,
or the time elapsed when the first calcium sulphate deposit
was observed on the heated surfasces, was taken as a measure
of the rate of initietion of scale. The rate was found
to be dependeat on both solution tempersture and super-
saturation, but neither boiling nor solution velocity was
observed to have an effect. The addition of calcium sul-
phete crystels to the solutions decressed the induction
time for scele formstion in some csses, suggesting thet
the seeding of solutions as a scele prevention technique
may not be ss effective as has been assumed. The rate of
growth of the scsle on the hested surface wss messured in-
directly from the decresse in heet trensfer coefficient ss
the scale was deposited. A finite supersaturation sppeared
to be necessary in order for the scale tc deposit.

A1l of these studies on calcium sulphate scale
formation have been concerned with deposition on heated
surfaces, this being s process to which calcium sulphate
is susceptible becsuse of its negetive solubility. Many
investigetions have been made of calcium sulphate deposi-

tion under isothermal conditions, but these have been
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confined to the precipitation of crystels in the bulk of
the solution at rather lower temperstures., For example,
Lurie et 81.15 measured the decrease in concentration of
a supersaturated celcium sulphate solution 235 gypsum crys-
tels nuclested and grew at room temperature. Visual de-
tection of the onset of nucleation was made before any
measurable change in the conductivity of the solution was
noted. Stirring the sclution was observed to heve no
effect whereas the sddition of certein ccmpounds had a
very significent effect on the nucleation rate.
Schierholtz16 carried out similar experiments at
25°C and concluded thet the reaction rste wes first order
with respect to conczentration. Other studiesl7’18 made
at temperatures up to 60°C, however, indiceted thet the
reaction rete was second order with respect to supersatura-
tion. Also, in these, stirring of the colution was found

to increase the nucleation rate.

1.3 The Scope of the Prescent Work

It is epparant that there is 2 need for more
fundamentel informetion on the mechenisms involved in scele
formation in the absence of boiling. In this connection,
some of the questions thav can be posed sre: Where do the
nuclei of the sceling salts form? How are they ettached

to the surface? How does the scale grow? Is it composed
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of single crystels? A number of mechenisms are possible,

but the most probecble would seem to be one or more of the

foliowing:

(4) The formation of meny nuclei directly on the
metal surface followed by growth of these nuclei
to give a fine polycrystalline mass.

(B) The formation of nuclei directly on the metal
surface es in (4), followed by growth of these
ruclei and the formetion of further nuclei on
the growing crystals.

(C) The formation of nuclei in the bulk of the solu-
tion (presumebly on heterogenous perticles)
followed ty ettachment of these nuclei to the
metal surfece, growth of the sttached nuclei,
and the sttachment of further nuclei.

In particuler, there is a lack of dete on the nucleation

and growth of celcium sulphate et the temperetures of

interest in saline water distillaetion. There has, for
instance, been little work done 2t these temperatures on
the rates of nucleaticn end growth of specific forms of
calcium sulphate although es meny as six of these heve been
postulated.19

The present work has involved a2 study of the

kinetics of fcrmation end growth of calcium sulphete di-

hydrate and hemihydrate, forms of celcium sulphate fre-

quently encountered in sceles produced in sea weter
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distilletion. This work hes two essential features.
Firstly, es mentioned earlier, pure solutions were used
in order to observe the kinetics of crystal formetion
unhindered by the e ffects of the meny other constituents
present in see water. And secondly, because of the near
impossibility of accurestely defining the supersasturastion
in 2 solution heving temperature as well es concentration
gradients, this work was cerried out es fer 2s possible

under isotnermal conditions.

In the following chapters, experimentel evidence
is advenced in support of e proposed mechenism for the
formetion end build-up of scele on an unheated surfece,
rather like the mechenism described in (C) above. In
this, crystel nuclei initially form on & metal surfece
either by direct nucleetion on the surfece or by ettech-
ment of nuclei which have formed in the bulk of the solu-
tion, and these nuclei then grow while further nuclei
formed in the bulk of the solution ettech to the deposit.
Ezch of the steps in this mechanism wes investigated in
turn. In the first instence, the rete of and fectors af-
fecting the formation of nuclei of the two hydretes in
the bulk of the solution were investigeted. TFollowing
this, the retes of growth were meesured both for single
crystels in the bulk of the solution end for messive depo-

eits on 2 metal surfece, end 2 direct reletionship of the
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two growth retes hes been indicated. Both of these growth
rates were obtained at controlled stirring rates so that
the effect of the relative velocity between the crystel

and the solution could be determined. Finelly, the attach-
ment to the surfece of 2 seed crystel, of crystals nucle-
ated in the bulk of the solution, was investigeted. 1In

the present work, crystels were not observed to nucleate

directly on znother crysteal surfzce.



CHAPTER 2
THE FORMATION OF CALCIUM SULPHATE NUCLEI

IN THE BULK OF THE SOLUTION

2.1 Introduction

The process of scale formation must inwvolve two
stages  namely, the nucleation of crystsls and their sub-
sequent growth. In this chapter, we shall consider the
first stage, that of the formation of new crystals.

Although nucleetion cen either occur spontane-
ously in the bulk of a supersstureted solution (homogenous)
or.be induced by the presence of other materisls (hetero-
geneous), it is considered in most csses to be of the latter
type due to the difficulty of ensuring the complete removsl
of foreign materisls from the solution. Dependaing on the
crystael, these materials can be of many types ranging from
other dissolved salts to common dust. The walls of the
solution container may also induce nuclestion. The nucle-
ated crystsls may first be detected in the bulk of the
solution or on the container walls but this may not in
either case be the original site of nucleation.

Expressions for the rete of homogeneous nucles-
tion have been derived from thermodynsmic and kinetic

20, Becker and DSrinng end others. Since

theory by Volmer
the equation derived from this theory hes received consi-

derable experimental confirmation, it has been acopted
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here to enable the results of the present work to be dis-~
cussed and correleted. Very briefly, the theory can be
described as follows.

When a new crystal is created in a supersaturested
solution, there will be a change in the totel free energy,
AG. For a sphericel particle of radius », and specific
surface free energy ¢, this change in total free energy
is:

AG = L/3 TTriQ (3)

If this particle has a radius less than the critical
radius r,, it will dissolve; if the redius is grester,
the perticle will continue to grow. This dependence of
solubility on crystal size is expressed by the Ostwald-

Freundliclhi equation:

in EE _ Mg (4)
e 7 RTpr

where Ch is the solubility of & particle of radius r;

c* is the solubility of 2 large particle ( r - );

M is the molecular weight of the crystal; e is the density
of the particle; R is the ges constant end T is the abso-
lute temperature. This equetion hes been found22 to
adequately describe the solubility of calcium sulphete
dihydrate crystals with sizes from 0.5 to 50 microns.

Combining these two equations and setting

c¢,/c* equal to S, the supersaturation, gives:
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AG = 167re M- (5)

3(RTplns)?
The rate of nucleation, N, can then be expressed in an

equation similar in form to the Arrhenius equation:

N = A' exp /[ ~-AG/kT T/ (6)
_ - 16TIGOM2
= A exp - (7)
£ 3kRzT3ez(1ns)2_7

where k is the Boltzmenn constant. The pre-exponential
term, A', is relatively insensitive to changes in tempera-
ture or supersaturation, and the predominent effect on the
rate of nucleetion is contributed by tne (lnS)2 term.

In the case of heterogeneous nuclesation, the
change in the totel free energy, AG, is less then thot
associated with homogeneous nuclestion, AG. This would
result in an increase in the value of N in equation 6.

In this chapter, me3surements on the rete of
nucleation of calcium sulphate dihydraete and hemihydrate
in solutions of known supersaturetion in the temperature
range, 70° - llOOC, are reported. Since both hydretes
nucleate in this tempereture range, the effect of tempera-
ture and supersaturation on the relative amounts of the
two hydrates nucleated wes elso investigated. Before
reporting this work however, 2 brief description of the
various forms of calcium sulphate and their properties

will be given.
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2.2 The Forms of Calcium Sulphete

There are three basic forms of calcium sulphate:

the dihydrate (C230 .2H20), the hemihydrate (CaSO, .1H.0),

L A 2
and the anhydrite (CaSOh). Various modifications of the
hemihydrate have been postulated however, and there has
been considerable controversy as to the total number of
unique forms.

The first comprehensive investigation of the
various forms of celcium sulphate was carried out over 60

23

years ago by ven’t Hoff et al. who concluded that as well
as the above forms, there existed a fourth cseslled "soluble
anhydrite®. This could be prepared by dehydration of the
hemihydrate and was so-celled because its solubility was
much higher than that of the anhydrite, which was renamed
"insoluble anhydrite®,

Later investigators suggested, however, that the
hemihydrete was a zeolitic material and that "soluble an-
hydrite was merely a dehydrated form and not 2 distinct
compound, A crystal structure for the hemihydrate was
proposedzh’25 in whick a very stable latcice of calcium
and sulphsate ions formed channels in which the water mole-
cules were weakly held and hence dehydration could be ef-
fected without disruption of the lattice.

The question of the existence of "soluble anhyd-

rite™ as o separate form was not entirely resolved by Xray
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diffraction date. Pertridge et al.26 concluded on the basis
of their diffraction deta that the crystal structures of
hemihydrate and "soluble anhydrite® were identicsal and that
the 'soluble anhydrite” did not represent o separate form.
On the other nand, Weiser et :al.z'7 and Posnjek28 detected
slight differences in the diffraction dats for these two
forms and reported that hemihydrate behaved in all essen-
tial respects like a true chemical hydrate. Bunn29 how-
ever reported that there were slight differences in the

diffraction patterns for four forms of CaSO .xH20 where

x was 0,65, 0.48, 0.19 and 0.02. He showedhthat these
forms had the same essential structure with only slight
differences in the unit cell dimensions. He attributed
this distortion of the crystal lattice to the disturbance
of the balance of forces caused by the removal or addition
of water molecules. Thus he concluded *hat hemihydrate
was a zeolitic material.

In 1941 Kelley et 31.19, after making an exten-
sive study of their own measurements and those of others
on the thermodynamic properties of calecium sulphate, con-
cluded that there are not four, but six unique forms:
dihydrate, & hemihydrate, phemihydrete, of{ soluble anhyd-
rite, (3soluble anhydrite and insoluble anhydrite. The

existence of these as separate forms was proposed on the

vasis of the markedly different energy contents associated
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with each form. The two types of hemihydrate were prepared
by different methods and each gave a corresponding soluble
anhydrite on dehydration. The more stable & hemihydrate
was prepared in solution or by dehydration of the dihydrate
in an atmosphere satursted with steam whereas the f3 hemi-
hydrate was prepered by dehydration of dihydrete in an
atmosphere greatly undersatursted with steam. The latter
was found to have a higher energy content and 2 somewhat
higher solubility than the former.

30 have reported

More recently, Power and Fabuss
measurements on the solubilities and stebilities in water
for all of these forms except o soluble anhydrite. These
solubilities are i1llustrated along with most of the pre-

viously published solubility data26’28’31'39

in figure 1.
It is evident that the solubility data for both the dihy-
drate and the insoluble anhydrite are ir good egreement
whereas those for the hemihydrate end the soluble anhydrite
show considerable scatter, particulerly 2t the lower tem-
peratures. However, these latter solubilities fall roughly
onto two curves corresponding to the o and /3 forms.

As figure 1 illustretes, the hemihydrate is un-
stable with respect to the other forms of calcium sulphate
a2t all temperatures. At temperatures below about hOOC,

the dihydrete is the most stable form; ebove this tempera-

ture insoluble anhydrite is the most steble form. However,



metastable forms can cxist for quite appreciable pericds

in contact with solution. For example, Power and Fabussso
found that the dihydrate was stable in solutions up to
lOSOC for st least 72 hours. Also, the stability of the
hemihydrate was found to very with the difference between
its solubility and that of the dihydrate, becoming more
stable as this difference decreased. Thus, as the tempera-
ture increased, so did the stabitity until at 100°C no
change in water content was detected 2fter 48 hours in
solution.

The solubility of calcium sulphate is often af-
fected by the presence of other salts in the solution. 1In
the present work, many of the solutions were prepared by
mixing equimolar solutions of calcium chloride and sodium
sulphate, producing two moles of sodium chloride for each
mole of calcium sulphate. Although several studies on
the solubility of calcium sulphate in sodium chloride solu-
tions have been made, most of these were carried out at s
few temperavures below 60°C, which was below the range of
interest in the present wurk. However, Power and Fabuss30
have reported solubilities at 10 c® intervels in the range,
25°n95°C, and these have been used to calculate super-
saturstions in the present work. Power and Fabuss reported
thet the presence of sodium chloride in solution increased

the solubility of all forms of calcium sulphete but thet
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the temperatures at which the curves intersected were un-
changed from those in figure 1. The solubility of the
dihydrate calculeted from these data is illustrated in
figures 2 and 3. In figure 2, the solubility is plotted
against tempersture for three sodium chloride concentra-
tions in the range of those in the present work, and this
is compared to the solubility in water. In figure 3, the
increase in solubility with solution concentration is

illustrated ot three temperatures.

2.3 Apparatus

Most of the experiments in the present work were
carried out in one »f two similar constant temperature
baths. The well-insulated glass tank contained about 12.5
litres of liquid peraffin and heat was supplicd by a
1 kilowatt immersion heater in series with a variable
resistance. The hester was regulated by an electronic
relay actuated by a mercury-toluene thermoregulator. The
bath was well-stirred so that temperature control was

within * 0.1 C° under experimental conditions.

2.4 The Effect of Temperature and Supersaturation

on the Relative Amounts of Dihydrete and Hemihydrate Formed

in Solution.

Although at temperatures sbove AOOC, the most

steble form of calcium sulphate in pure solutions is the



30.

TUBES USED IN NUCLEATION EXPERIMENTS
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insoluble anhydrite, both hemihydrste and dihydrate can
form in supersaturested solutions at these temperatures

and remain relatively stable for longvperiods. A series
of experiments was carried out in order to determine which
hydrate(s) form under various conditions of temperature
and supersaturation.

EXPERIMENTAL

From time to time throughout the present work,
stock soluvions of calcium chloride and sodium sulphate
were prepared by dissolving the sppropriste Analar reagent
in distilled water. The concentration of the calecium
chloride solution was determined by titretion for calcium
ion with EDTA, using Frichrome Black T indicator. The
concentration of the sodium sulphete solution wes deter-
mined gravimetrically by precipitetion of the sulphate
ion as bariuym sulphate. Then equimolar solutions of cal-
cium chloride and sodium sulphate of the desired concentra-
tion were prepared for each series of runs by dilution of
a small volume of stock solution.

A number of glass tubes of two types, A end B
(see figure 4), were prepared for use in these experiments,
each tube being used only once. In A tubes, which were a
minor modification of C tubes used in leter experiments,
any crystals forming on the solution surface were prevented

from settling into the solution under observation in the
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central arms of the tube. For this type of tube, equimolar
solutions of calcium chloride and sodium sulphate were
mixed at room temperature to give a calcium sulphate solu-
tion supersaturated with respect to the dihydrate, end in
some cases to the hemihydrate also, at the temperature of
the experiment. The solution was added to the tube which
wos then sealed and piaced in the constant temperature
bath. After a number of crystals had formed, the tube

was removed from the bath and the contents were examined
under a microscope. For B tubes, the equimolar solutions
were added to separate legs of the tube which was then
sealed and placed in the beth. After the solutions had
reached bath tempersture, the tube was tipped to mix them.
Again, whan & number of crystals had been observed to form,
the tube was removed from *he beth and the contents exa-
mined under a micioscope.

The crystals produced in these runs were iden-
tified by general appesrence and extinction angle between
crossed polaroids. Some of the properties of hemihydrate
and dihydrate are listed in Appendix 2. By observing up
to a few hundred crystals in each sample, the relstive
amounts of each hydrate were estimated.

In these runs, temperatures were between 52° and
lOOOC, solution concentrations between 20 and 50 millimoles
per litre, and the times at which the crystals were exa-

mined ranged from 7 to 195 minutes.
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RESULTS

Photographs of sone dihydrate and hemihydrete
crystels produced in these and other experiments are shown
in figure 5, It is evident from these that on the basis
of generel appesrance alone, well-formed dihydrate and
henihydrate crystels can be readily distinguished. Also,
since the extinction angle of the dihydrate is oblique and
that of hemiﬁydrate is parallel, even the most irregular
crystals could be identified.

The results of these runs are listed in Table 1,
Appendix 1. At high solution concentrestions, there is a
tendency to a higher proportion of dihydrate in A tubes.
This is undoubtedly due to the occurrence of nucleation in
these solutions before or during hest-up to the temperature
of the experiment.

The results in B tubes indicztz thet for a par-
ticuler solution concentration, there is 2 temperature
range over which the form of calcium sulphate produced
changes from vhe dihydrate to the hemihydrate. It appears
thet this change corresponds, to a certein extent, to the
temperature at which the solution becomes supersaturated
with respect to the hemihydrate. 1In figure 6, the hydrate
produced is compared to the solubilities in these sodium
chloride solutions as calculated from reference 30. In

tae 25 millimoles/litre solutions, it is apparent that when
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the solution becomes even slightly supersaturated with
respect to the hemihydrete, small amounts of this hydrate
begin to form. At higher temperatures, the supersatura-
tion with respect to the hemihydrate incresses as does

the proportion of hemihydrate in the deposit, When this
supersaturation approaches that with resvect to the dihyd-
rate, the crystals formed are entirely hemihydrate.

In the 50 millimoles/litre solutions, this
effect is less marked and the solution must be somewhat
more then slightly supersaturested with respect to the hemi-
hydrate before any is found in the deposit. However, at
these lower temperatures, Lthe hemihydrate is very unstable30
ana transformation to the dihydrate is likely.

Thus, in the temperature range of these runs,
the dihydrate forms when the solution is supersaturated
with respect to this hydrate only, end a mixture of the
hemihydrate and the dihydrate forms when the solution is
supersatureted with respect to both hydrates. In the
latter case, the proportion of the mixture which is hemi-
hycdrate increases as the supersaturetion with respect to
hemihydrate increases until only the hemihydrate forms
when the supersaturstion with respect to both hydretes is

approximately equal.



2.5 The Rate of Nucleation in Unstirred Calcium

Sulphste Solutions

A study of the rate of nucleation of calcium
sulphate was made in order to determine how quickly and ot
what supersaturations crystels of hemihydrate and dihydrate
can be expected to form in the 70° to 110°C range. The
formation of crystal nuclei is usuelly detected either by
direct observation or by measuring the change in concen-
tretior of the solution during nucleation. In this study,
the induction time, the time to produce visible crystals
at a given supersaturetion, was measured. The induction
time is composed of two parts: the time for crystals to
nucleate and the time for these crystals to grow to a
visible size, and so is not strictly a measure of the nu-
cleation rate alone. Howevcr, it is one of the simplest
methods of defining the conditions of supersaturstion
under which crystals csn be expected to form and, in this
sense, the results are likely to be useful. This method
is at leest as good a measure of the rete of nucleation ss
th2t of measuring the decrease in solution concentration
as nucleation occurs. A simple calculstion shows that o
decrease of only 10"6 moles per litre corresponds to about
LO gypsum crystals of length 107% cm. in the test volume
of 0.5 cc. This size could be detected in the present

15

experiments. In this connection, Lurie et al. observed
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that a supersatureted calcium sulphate solution became
cloudy with gypsum crystals before any concentration change
was measured.

The induction time, qu, can be related to the
rate of nucleetion, the number of crystal nuclei produced
per unit volume of s¢lution per unit time, if we assume
that approximately equal numbers of crystals have been
produced in each run by ﬁhe time the first crystal is
detected end that the time for the nuclei to grow to vi-
sible size is proportionsl to the time for the formation

of the nuclei. Then, equation 7 can be rewritten as:
e B ex 16T g (8)
1= P | 3kR2T3 ¢(1a8)2

Since @ & I\I]: (9)

It follows that:

1 .
log X v 10)
ﬁbi T3(logS)2

Ideally in a nucleation study, it would be de-
sirable to be able to produce o solution at the desired
concentration and tempersture precisely at the beginning
of each run and to maintain these conditions until nucles-
tion has been detected. 1In practice, however, this is not
easy and generally either the tempersture or the concentra-
tion must be altered suddenly at the beginning of the run,
necessitating a trensition period during which the unstable

system attains the conditions of the experiment.
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In the nucleation studies reported here, two
methods were used. In the first, 2 solution of the de-
sired concentration was prepared at room temperature and
then heated rapidly to the temperature of the experiment.
In the second, solutions of celcium chloride 2nd sodium
sulphate were heated separately to the temperature of the
experiment and then mixed. Thus in these two methods,
the temperature and the supersaturation respectively were

suddenly changed at the beginning of the experiment.

2.5.1 Induction Times in Heated Solutions

EXPERIMENTAL

In these axperiments, & solution was prepared
at the desired concentration and rapidly heated to the
temperature of the experiment., The solutions were prepared
by heating Anelar calcium sulphate dihydrate at 300°C for
10 minutes, dissolving the hemihydrate so formed in dis-
tilled water, and immediately filtering the solution to
remove the undissolved sa2lt. In this way, it was possible
to prepare a solution supersaturatced witn respect to the
dihydrate which would remain steble for several hours,
providing the supersaturation was not too great.

A number of glass tubes of two types, A and C
(see figure 4) were prepared, each tube being used only

once. As explained in the previous section, the A tubes
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were slightly modified C tubes in which eny crystels form-
ing on the solution surfece were prevented from settling
into the solution under observsation in the centrel arms of
the tube. Both types of tubes were prepered from 0.2 cm.
diameter pyrex glass tubing which wes previously cleaned
with chromic acid cleening mixture.

Before each run, 2 volume of solution wes fil-
tered through 2 sintered gless filter. For solutions in
C tubes, & porosity 3 filter wes used. This removed par-
ticles larger than 30 microns. For solutions in A tubes,

a porosity 4 filter removed particles lerger than 10 microns.
The concentration of the solution was determined by an
EDTA titretion for celcium ion.

About 0.5 ml. of solution wes placed in the tube,
the ends were sealed and the tube placed in the constent
tempe rature bath. The tubes, illuminated with & 150 watt
light source, were observed by means of a travelling micro-
scope so thet crystals of 10'20m. in length could be eesily
detected. The time of detection of the first crystel wes
recorded for solutiorn concentrstions between 12.3 and 30.0
millimoles per litre 2nd temperatures in the renge, 70°-
110°.

In a few runs, a2 copper-constentin thermocouple
wes inserted into the tube to determine the time required

for heat-up of the solution.
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RESULTS

In all of these experiments, the crystels de-
posited were acicular, becoming increesingly so et high
superseturations. Also at high superssturetions, there
waes a tendency to form random clusters of crystels radiat-
ing from a2 common point. Generally, the crystels were
first observed in the bulk of the solution, later settling
to the tube bottom end walls and becoming loosely ettached
there. Only occesionelly, when the superssturetion wes
low, were they observed initially on the tube walls end
it is not clear whether the nucleation actusally occurred
on the wall or elsewhere because of the very few crystals
present.

Although both types of tubes were completely
sealed before immersion in the constant temperature bath,
crystals were frequently produced in the thin film of
solution on the glass wall just above the solution surface,
because of a slight amount of evaporation from the film
into the air space during heat-up. Occesionelly, some of
these crystals broke eway from the solution surface and
settled down through the solution. In type C tubes, these
crystals, when they formed, interfered with measurements
of the induction time. In type A tubes, sny such crystals
were trapped in the side arms and therefore did not affect

the induction times.
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Measurement of the temperature of the solution
st various stages of hest-up indicated that it rose from
room temperature to within 1 G° of the bath temperature
in about 45 seconds after immersion of the tube in the
bath. A heat balance on the system indicezted that the
change in temperature during heat-up couvld be represented

by the fcllowing equation:

Ta-T UA
1n 1T . U g
TB-T Csesv (ll)

where T is the temperature of the solution (°K) at time ¢
(secends); T, is the initial solution temperature at

db: 0 ; TB is the bath tampersture; U is the overall heat
transfer coefficient (cel.cm'e.sec-l.OC'l); AH is the
surface area for heat transfer (sz); Cq is the specific

heat of the solution (cal.gm-l.OC-l

) s FS is the density
of the solution (g.cm_B) and V is the volume of the solu-
tion (cm3). Substicution into equation 11 of the tempera-

tures measured at various times during heat-up allowed
calculation of U (2.6 x 1073 cal. cm-z.sec-l.oc-l).

Equation 11 then becomes for these tubes:

¢ = 10.8 In Tp-T, (12)

Tg-T

-0.09¢

or T

(13)

Although this time for hest-up wes a small fraction of

TB - (TB-TO) e

*he induction time in most of the runs, it was certainly
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INDUCTION TIMES IN C TUBES
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appreciable at the higher supersaturstions and, because
of the changing supersaturation during heat-up, it had to
be taken into account in the snalysis of the results.
The solubilities of the dihydrate and the
hemihydrete from figure 1 were used in the 2nalysis of
the results. For eny particuler solution temperature,
the lower of the two solubilities was used. Thus, the
3olubility of the dihydrate was used 2t temperatures below
98°C (the intersection of the two solubility curves) end
the solubility of the hemihydrate above this temperature.
The results of these experiments in C 2nd A
tubes are listed in tables 2 and 3 respectively. 1In fig-
ures 7 and 8, T-B(log 5)7% is plotted egeinst logc#I (see
equation 10) assuming that the solution was at the bath
temperature throughout the run. However, since this wes
not the case, an attempt at teking the heat-up period into
account was made. Firstly, for eech of the runs in A tubes,
the value of T'B(log S)'2 was calculated for various times
during heat-up, using equetion 13 with the solubility of
ths dihydrate below $8° and thet of the hemihydrete above
98°. These values were plotted sgainst @ and 2 graphical
integration was performed between ¢ = O and ¢= CbI to
give an averesge value of T'B(log S)'2 for the run.
Secondly, an aoverage solution temperature wss celculsted

Tor the run by combining equation 13 with the following

equation:
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INDUCTION TIMES (N A TUBES WITH HEAT-UP CORRECTION
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resulting in the following equation:

- i -0.091
Tave = ‘g - lO'S(TB"TO) L} - e 9'%:] (15)
@1

This equation indicates that not until sbout 10 minutes
after immersion is the average sclution temperature within
1 C° of the bath temperature. The results of these two
calculations for the runs in & tubes are listed in table 4
and illustrasted in figure 9.

Figures 7, 8 and 9 indicste that the induction
times can be reasonably well represented by an equation of
the form of equation 10, although it appears that the ef-
fect of temperaturs is not completely accounted for by an
equation of this type. For instance, the induction times
for the dihydrete illustrated in figure 9 show some scatter
and when these were divided into three groups according to
the average solution temperature: 68°-78°, 78°-38° and 88°-
98°, the results illustrated in figure 10 were obtained.

15 end Schier~

(The induction times obtained by Lurie et al.
holcz16 for the dihydrate in stirred simple calcium sulphate
solutions at 25°C are also included in this figure for com-
parison.) It is apparent from this figure that the induction
time is still dependent on temperature, but it can be des-

cribed by an equation of the form of equation 10 over a

relatively short tempereture range.
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Figures 7, 8 and 9 show that the induction times
for the hemihydrete (temperature greater than 98°) are
less than those for the dihydrate (temperature less than
98°) for comparable supersaturations. This may be due in
part to the faster growth rate of the hemihydrate (see
Chapter 4).

In figure 11, the results in C and A tubes are
compared and it is evident that the induction times in
the former tubes are much shorter. There are two possible
reasons for this. In the first place, the solutions pre-
pared for A tubes were filtered with a finer filter
(porosity 4) than that used for the solutions prepared
for C tubes (porosity 3). This may have resulted in the
removal from the former solutions of a grester number of
foreign particles which could induce nucleation. Secondly,
the A tubes were designed to prevent crystals from the
solution surface settling into the solution and interfer-
ing with the messurement of the induction time. This too
would tend to give longer induction times in the 4 tubes.

In figure 12, the results in A tubes with and
without correction for heat-up are compared. Since during
heatup, the solution temperature and supersaturation are
less than the beth tempersture and corresponding super-
saturation, the results corrected for heat-up lie above

the uncorrected results in this figure.
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The results of these experiments indicate that
in this tempersture range, small degrees of superssatura-
tion are sufficient to ceuse nuclestion. When the super-
saturation S is about 2, nuclestion occurs almost instan-
taneously; at a superseturetion of 1.2, the induction time
is 30 minutes or less., Thus, in order to prevent nuclea-
tion, the supersaturation of the solution must be kept well

below this value.

2.5.2 Induction Times in Mixed Solutions

EXPERIMENTAL

In these experiments, equimolar solutions of
calcium chloride and sodium sulphate were heated separately
to 100°C and then mixed. The solutions were prepared by
dilution of the appropriate stock solutions which were
prepared es outlined in section 2.4. A humber of type B
glass tubes (see figure 4) were constructed from 0,7 cm.
diameter pyrex gless tubing which hed been cleaned with
a chromic ecid cleaning mixture, snd 0.5 ml. of each of
the solutions was iatroduced into the separate legs of the
tube using a pipette with a2 long tip. The opening in the
tube was sealed and the tube placed in the constent tem-
perature bath. Temperature measurement during heat-up
indicated that the solution required 5 minutes to reach

bath temperature and therefore, 2 10 minute period was
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allowed for heat-up in these experiments. The tube was
then tipped to mix the solutions in one leg and the solu-
tion was observed with a trevelling microscope. The time
of detection of the first crystal was recorded. In these
experiments, solution concentrations were between 17.5 and
25.0 millimoles per litre end the tempersture was lOOOC.

When 2 number of crystels had formed, the tube
was removed from the bath end the contents examined under
a2 microscope. The form of calcium sulphate was identified
by refractive index and extinction engle.

RESULTS

The crystals deposited at all solution concen-
trations at 100°C were entirely hemihydrate needles. Again,
2s in section 2.5.1, the crystals were usually observed
first in the bulk of the solution, later settling to the
glass walls. Crystals also tended to form at the solution
surface as noted in the previous section, but these did
not appear to settle into the bulk of the solution during
the induction time.

The results of these experiments are listed in
table 5 and illustrated in figure 13. It is evident thst
the induction times in these experiments are much shorter
than those for solutions of similar supersaturations re-
ported in section 2.5.1. For example, at an S of 1.5,

the induction time in mixed solutions was about 25 seconds
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compared to about 46 seconds in the simple calcium sulphate
solutions; at an S of 1.3, the corresponding induction
times were 30 seconds (mixed) and 115 seconds (simple).

The reason for such a large difference between
the two sets of results is not clear. Filtering of the
calcium chloride and sodium sulphate solutions does not
appear tc have an effect on the induction time. A porosity
3 sintered glass filter was used to filter the solutions
for all of these runs except run 183, In this run, 2
porosity 4 filter was used but no significant difference
in the induction time was observed. Nor can the difference
be attributed to insufficient correction for heat-up time
in the previous results since any correction applied would
primarily affect the shorter induction times and give @
flatter, rather than a steeper line.

It might be argued that the technique of mixing
cclcium chloride and sodium sulphate solutions to prepare
the calcium sulphate solutions for these runs could have
temporarily produced abnormally high supersaturations in
some regions of the solution (because of non-uniform mix-
ing), thus causing premature nuclestion. However, this
would not be expected to occur in all of the runs especi-
ally in those a2t the lower supersaturations, and since the
induction times were invariably shorter in these runs than

in those reported in the previous section it seems that
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non-uniform mixing belongs to the class of possible but
not probable causes of reduced induction times.

It appzars more likely that the sodium chloride
present in these solutions is responsible for the reduced
induction times of the hemihydrete. In this cornection,
Lurie et al.l” have reported that the induction time for
the dihydrate in mixed calcium chloride and sodium sul-
phate solutions is shorter than that in simple calcium sul-
phate solutions at the same supersaturetion. An equivélent
result has also been obteined by Schierholtz16 who found
thet the eddition of sodium chloride to e supersaturated
calcium sulphete solution at 25° had negligible effect on
the induction time for dihydrate even though the solubility
had been increased by the addition. If sodium chloride
does in fact induce the nucleastion of calcium sulphete,
this suggests that vary slight supersaturestions would be

sufficient to cause nucleetion in sea water brines.

2.6 The Rate of Nucleation in Stirred Calcium

Sulphate Solutions

EXPERIMENTAL

In order to determine the effect of agitation on
the rate of nucleation of calcium sulphete, a few experi-
ments were carried out at lOOO, in which the solution wes

stirred. Type D tubes, illustreted in figure 4, were used
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in these experiments and the calcium chloride and sodium
sulphate solutions were prepared and added to the separate
legs of the tube as described in section 2.5.2. A glass
stirring rod with small paddles was inserted into the tube
and connected to a small stirring motor. The tube was
then immersed in the constant temperature bath and after

a 10 minute hesat-up period, stirring at about 200 r.p.m.
was started in the solution in the main tube. The tube
was tipped to mix the two solutions, the stirring being
continued during mixing and until the first crystal was
detected with a travelling microscope.

Of the four types of tubes used in the nuclea-
tion experiments, only the D tubes were used for more than
one run. After each run, the solution was removed and the
tube was filled with distilled water for several hours to
dissolve any crystals of calcium sulphate present. Then
the tube was cleaned with a chromic acid mixture, rinsed
and dried ready for reuse.

RESULTS

The resulis of these experiments, all of which
were carried out at a single solution concentration of
22,0 millimoles per litre, are listed in table 6. Although
a few other runs were carried out at lower concentrations,
the results were inconclusive because of the difficulty

of preventing crystals, which formed st the solution surface,
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from becoming entrained in the stirred solution and inter-
fering with the measurement of the induction time. 1In
the experiments listed in table 6, crystzls were observed
in the solution before any were detected on the solution
surface. These induction times are generally shorter than
those reported for unstirred solutions in section 2.5.2,
indicsting that stirring increases the rate of nucleation.
In figure 14, the induction times reported in
the previous sections are compared to the published data
for the hemihydrate. Several studies on the nuclestion of
the dihydrate at 25° heve also been reported in the litera-
turels’lé’ho; on 2 plot of this type, these induction times
are about 100 times longer than those obtained for the
dihydrate in the present work (see figure 10) put since
figure 10 indicates that the effect of temperature on in-
duction time is not rcompletely eliminated in such & plot
(the time increeses as the temperature decresses), the
published data for the dihydrate have little relevance to
the present results. In figure 14, the data of Smithhj
for the nucleation of hemihydrete in unstirred simple cal-
cium sulphate solutions at 10500 are plotted. These in-
duction times arz seen to be about 10 times those for the
hemihydrate in the present work, as represented by line II.
Since the solution temperature was approximately the same

in the two cases, the difference cannot be ascribed to
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this factor. 1In addition, the filtering procedure used
for the solutions in the present work appesars to be at
least as good as that employed by Smith and therefore it
is unlikely that the relatively longer induction times ob-
tained in the latter investigsation can be attribhuted to a
more complete removal of foreign perticles from the solu-
tions. While in the present work, no definite conclusions
could be reached on the effect or filtering simple calcium
sulphate solutions, the use of a finer filter for mixed
solutions apparently had no effect on induction time,

At least part of the difference between the pub-
lished data and the present results may be due to the
methods used to detect the onset of nucleation. In the
present work, crystals 0.01 cm. long could be easily de-
tected and it is probable thest in many runs, the crystals
were even smaller whan first observed. The sighting of
the first crystal was taken as evidence of nucleation al-
though in most runs, several crystals were observed at the
induction tame. The detection method uszd by Smith in-
volved measurement of the solution concentration and, as
discussed in section 2.5, 2 considerable number of crystals
would be produced by the time the solution concentration
had dropped appreciably. It seems then that the longer
induction times reported by Smith may be partly attributed

to a later detection of crystals in the solution.
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Although the present work has raised several
questions on the factors affecting the formation of calcium
sulphate nuclei in a solution, it wes not possible to make
an exhaustive study of them and measurements of the growth
rate of cslcium sulphate dihydrate and hemihydrate were

begun.

2.7 Summary

In a solution supersaturated with respect to
all forms of calecium sulphate, a mixture of dihydrate and
hemihydrete crystals was observed to form after some time.
The composition of this mixture depended largely on the
relative supersaturstion with respect to each hydrate.
Relatively slight degrees of supersaturation with respect
to the hemihydrate were sufficient to cause its deposition
and as this supersaturstion approached thet with respect
to the dihydrate (as the temperature approsched 100°), the
fraction of the mixture as hemihydrate became unity.

In measurements of the rate of formation of
calcium sulphate crystals, dihydraste and hemihydrate were
detected at times ranging up to 30 minutes for supersatura-
tions down to 1.2, In these experiments, the hemihydrate
had a lower induction time than the dihydrate for solutions
of the same supersaturation. In mixed calcium chloride

and sodium sulphate solutions, the induction time for
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hemihydrate was much shorter being less than 2 minutes for
supersaturations of 1.1, and stirring the solution reduced
this time even further. These results provide information
on the rate of nucleation in calcium sulphate solutions in

th2 temperature range, 700-11000, for which litvle data

has previously been published.

In these experiments, the crystals almost invari-
ably appeared first in the bulk of the solution, later
settling to the walls of the container. Both the dihydrate
and the hemihydrate formed needle-like crystels which
deposited individually or in clusters depending on the

supersaturstion.
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CHAPTER 3

THE GROWTH RATE OF DIHYDRATE CRYSTALS

3.1 Introduction

Once a crystal greater than the criticel size
has nucleated in a supersatureted solution, it will begin
to grow. Having reported meesurements on the rete of for-
mation of nuclei of calcium sulphete dihydrate and hemi-
hydrate in Chapter 2, the next two chapters will be con-
cerned with a study of the retes of growth of single crys-
tels of these two hydrates.

The deposition of solute from a supersaturated
solution onto a crystal surface is generally considered to
occur in two consecutive steps. In the first, dissolved
solute is transported from the bulk of the solution to the
surface of the growing crystal (mass transfer) and in the
second, the solute stoms become incorpoirated into the
lattice of the crystal (surface reection). The rate of
mass transfer can be expressed in an equation of the form:

B . kpale - o5) (16)

where n is the nunber of moles of solute transferred in
time t; km is the coefficient of mass transfer; A is the
surface area of the crystal; c¢ is the concentration of
solute in the bulk of the solution and c; is the concen-
tration of solute at the crystal-solution interface. Al-

though complex expressions for the rate of the surface
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reaction have been proposed, it can be most conveniently
approximated to an expression in terms of o simple power

of the concentration difference, c; - c¢* :

dn L\ P
3t ~~ krA(Ci - c*) (17)

where kr is the surface reesction coefficient; c* is the
solubility of the solute in solution end p is a constant.
In connection with mass transfer, equation 16

states that the rate varies linearly with the concentra-
tion difference, ¢ - c;, providing km is constant with
respect to supersaturation. A number of theories have been

advanced on the mechanism of mass transfer of solute to
the crystal surface and from these, expressions for km

L2

have beern. derived. Nernst suggested that there was a
thin laminar film of solution next to the crystal surface
which provided the major resistance to mass transfer by
diffusion. In this case, the value of km was given by:
k, = -3 (18)
where D is the diffusion coefficient of the solute and ©
is the thickness of the laminar film. On the other hand,
Higbielf3 proposed the penetration theory, later modified
by Danckwertshh, in which elements of solution from the
bulk approached the crystal-solution interface and remained
there for some time interval, during which mass transfer

from the solution element to the crystal surface took place
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and after which the element was replaced by a fresh element

of solution from the bulk. The value of km in this case

was given by:

Nj

k = (D.f) (19)

m

where f is the fractional rate of surface renewaél. More

recently, a film-penetration theory combining the elemrents

of both theories has been proposed by Toor and Marchelloh5,

A more complicated expression has been derived for k. in
this case, but at short contact times this reduces to
equation 19 (penetration theory) and at long contact times
to equation 18 (film theory). Whichever of these theories
is assumed to apply, D and & (or f) must be constant with
respect to supersatursation in order for km to be a constant
in equation 16.

When the solute atoms have reached the crystal
surface, they may then attach themselves and become a part

46 suggested that this sur-

or the crystal lattice. Volmer
face reaction step involves adsorption of solute atoms to
the crystal surface and migration of these adsorbed atoms
to positions where che attractive forces to the atoms of
the crystal lattice are greatest. When 2ach layer of the
lattice is completed, a new layer is begun by a process of
two-dimensional nucleation of the solute stoms on the com-

pleted layer. Further atoms adsorb to the surface and

migrate to this nucleus and thus begin to build a new layer
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onto the crystal lattice.

If growth proceeds by this mechanism, a consi-
derable degree of supersaturation would be required for
the creation of the nucleus of each new layer. However,
it has been suggested by Frankh7 that for many crystals,
it is unlikely thet this two-dimensional nucleation is
necessary because of the presence of imperfections in the
crystal lattice. One example of these is the screw dis-
location which provides a continuous imperfection through
the lattice as the crystal grows. The adsorbed atoms can
migrete to this imperfection and as the layer is never
actually completed, there is no need for two-dimensional
nucleation. Growth can therefore proceed at a lower super-
satureticn.

When steady state conditions are reached in crys-
tel growth, the rate of mess transfer from the solution to
the interface equals the rate of the surface reection.

The overall rate of solute transfer from the bulk solu-
tion to the crystal lattice must 2lso be equal to the rates

of the individual prccesses, and cen be written:
dn _
dt =
where K is the overall coefficient for solute transfer.

KA(e - cx) (20)

K is generally not e constent with respect to supersatura-
tion, as is shown below. Combining equations 16, 17 and

20 gives:
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K(e - e*x) = km(c—ci) = kr(ci - c*)p (21)

Setting (ci - c*)p-1 = 2 (22)

k. (c - ci) er(Ci - c*)

7 oo
Therefore, c. = Kkyc + Zk.c?

i - .
km + Zkr

Substituting this expression for c; intc equation (21)

k(e - Ci) = ¢ - CX = K(ec - cx)
1 oa 1
km Zkr
which gives on rearranging:
1 1 1
= + — (23)
K Ky kr(ci - c>¢<)p'1

This is the mathematical expression for the statement that
the overall resistance to solute transfer equals the sum ’
of the resistance to mess transfer and the resistance to
surface reaction. Assuming that km, kr and p are constant
with respect to supersaturetion, tien a number of conclu-
sions cen be drawn from this equetion.

(1) The velue of K will be constant with respect to
supersaturation only if the surface reection is
first order (p = 1) or if the overall rete is
completely mass transfer controlled
(k, << k() = ox)P7L ),

(2) If K veries with supersaturation, then the over-

all rate is not completely mass transfer
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controlled and the surfece reeaction is not first
order (p £ 1).
(3) If X increases with superseturation, p > 1;

if K decreases with supersaturation, p < 1.

Because of the difficulty of meesuring the inter-
facial concentration Cys the relative contributions of
mass transfer and surface reaction to the overall growth
process are geﬂerally found indirectly. This is done by
determining the effect on the overall rate of altering some
variable which primarily affects one or other of the two
steps. One such variable is the degree of agitetion in
th: solution. The value of km is dependent to some extent
on v, the relative velocity between the crystal surface
and the solution. An increese in v would tend to decrease
the laminar film thickness § in equation 18, or increase
the fractional rezte of surface renewal f in equation 19,
and hence increase the value of km. As the value of km
increases, the resistance to mass transfer decreases (ty
equation 23) and the overall resistance co solute transfer
approaches the resistance to the surface reaction, allowing
¢i to be approximated to c.

In this chapter, measurements of the rate of
growth of single crystals of calcium sulphate dihydrate
are reported. These measurements were made under iso-

thermal conditions in solutions orf known and constant
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. 0 ~a0
supersaturations in the temperature range, 70 -98 °C. The
growth rates of both stirred and unstirred crystals were
determined in order to show the relative contributions of

mass transfer and surface resction to the overall rate.

3.2 Growth Rates of Unstirred Crystals

The dihydrate crystallizes in the monoclinic
form. A disgram of an ideal crystal is shown in figure
15. In these experiments, the displacement of the fast-
growing edge which is bounded by the (111) and (1I1) planes
was measured and the growth rate R, obtained. Also, in a

1

few runs, the growth rate R2 was obtained for the slower-

growing edge bounded by the (110) and (110) planes.
EXPERIMENTAL

For each run, a dihydrate sced crystal was fixed
on a glass rod with Araldite adhesive, with the ¢ direc-
tion of the crystal parallel to the length of the rod.

The seed crystals which were generally up to 1 mm. in
length were selected from some produced in previous nuclea-
tion studies. Exam’nation of the seed crystals showed
them to be either single or twinned along the (100) plane
and in all cases, free of any visible surface crystals.

The apparatus used for these growth rate measure-
ments is illustrated in figure 16, For the batch system,

the calcium sulphete solution was prepared at the start of
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each run by mixing equal volumes of equimolar solutions of
calcium chloride and sodium sulphete. About 30 ml. of

mixed solution was added to the 60 ml. test tube, the seed

crystal immersed in solution, and the tube placed in the
constant temperature bath for heat-up to the tempereture

of the experiment.

In the flow system, the calibrated capillaries
in the solution feed lines ensured equal delivery rates of
the two stock solutions (350 ml. per hour each) to the 100
ml, tube. Mixing of the calcium chloride and sodium sul-
phate solutions occurred continuously at the point where
the feed lines joined the tube. The seed crystal was im-
mersed in the solution and the tube placed in the bath as
before.

After 21lowing sufficient time for heat-up of the
solution to beth temperature, the growth of the crystal was
followed by measuring the displacement with a travelling
microscope. The eyepiece of the microscore was fitted with
a graticule so that displacements of 0.04 mm., correspond-
irg to 1 division on the graticule, could be easily
measured. The growth rate of the crystal was then ob-
tained from a displacement-time plot.

Measurements were made at three temperatures:
70°, 85° ond 98°C. The solution concentration was constant

for the duration of each run, with a value in the range,
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17.0 to 29.55 millimoles per litre. The duration of the
runs varied from 0.5 to 7 hours and the total displacement
from 0.1 mm. to 1 mm,

RESULTS

In these experiments, the growth rate was constant
during the period of measurement, suggesting that no appre-
ciable nucleetion had occurred. This view was supported
Dy the observation that the growth rates obteined in the
flow system were not noticeably different from those ob-
tained in the batch system.

The results of these messurements are listed in
tables 7, 8 and 9. Although the actual magnitude of the
unstirred growth rate may, by itself, be of limited theore-
tical vslue, it does allow certein conclusions to be drawn
on the relative rstes of mass transfer and surface reac-
tion and serves as a bssis to which the stirred growth
retes reported in the next section can be compared.

The effect of the overall supersaturstion c - c¥
on the growth rate R; is illustrated for the three tempera-
tures in figures 17, 18 and 19, and in figure 20 the three
growth rete curves are compared. It is apparent that the
growth rate Rl increasses more than linearly with super-
saturation and thus the value of K es defined by equation
20 incresses with respect to supersaturstion. If km is

taken to be a constant, it follows that the overell growth
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rate is not completely mass transfer controlled, and also
that the surface reaction must depend on supersaturaetion
to a power greater than unity (p > 1).

The overall growth rate can be expressed in terms
of a power of the supersaturation. A linear regression of
log Rl on log(c - c*) was carried out for these unstirred
growth rates, resulting in the three empirical equations
shown below, where & c is the overall supersaturation
¢ - c* in millimoles per litre, These equations give 95%

confidence limits on the rsate.

+
70° Rl = (1.88 * 1,36) x 10_7 (éﬂﬂ1"96 = 0.43 cm.sec
85° Ry = (6.13 * 4.17) x 1077 (cxc)l'38 *0.51 cm.sec'l
98° R, = (4.97 * 2.2) < 1077 (Ac)l-6220.25 o7t

In figure 20, the growth ratec at the three tem-
peratures are compared. The effect of tempersture on the
unstirred growth rate can be expressed in the form of an
Arrhenius reaction rate equation:

K = X! e‘E/RT

(24)
where K' is a constant, R is the ges constant, T is the
absolute temperature and E is the energy associated with
the process, usually called the activation energy. The
results as described by the above equations yielded an

activation energy for unstirred growth of about 6.1 kilo-

calories per mole.
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The growth rate R2 was measured in a few runs
and the effect of supersaturation on the rate is illustra-
ted in figure 21, Although there is considerable scatter
in the results, it is evident thet R2 is less than Rl for
the same supersaturestions. In figure 22, the ratio of

the growth rates, R2/Rl’ is plotted against supersatura-
tion. This figure shows that an increase in supersetura-
tion has a greater effect on Rl than on R2 for unstirred
crystals., This is in agreement with the observation that

longer and thinner crystaels are usually produced in highly

superseatursted solutions.

3.3 Growth Rates of Stirred Crystals

in incresse in v, the relative velocity between
the solution and the crystal surface, frequently causes
an increase in the growth rate of the crystal by reducing
the resistance to mass transfer. Hixson and co—w01r'1<er‘sl"8’L*9
have applied a form of the Chilton-Colburn analogy between

heat and mess transfer to the growth and dissolution of

crystals in agitated solutions. Using an equation of the

form:
Sh = constant (Re)a(Sc)b (25)
where Sh = Sherwood number = E%E
Re = Reynolds number = EZfE
Vae
Sc = Schmidt number =

M
(D
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STIRRED DINYDRATE GROWTH RATE (Q,) AT 85°
' Figuee 15

O Act= %085
20} @ AC: 9T

g M\LL\MOLES/ LATRE

~
o
T

=3

g' »® |°‘ (CM.ISEC.)

O

o} 10 20 40 50 6o 70

30
v (cm./sec.) S A

g

FIGURE 26

O At:= 3.08)
® Ac: 592

MILLIMOLES/ LITRE

TV T VIl

0.6
K o v

1.8
[
AfuitR -
JlMiLuiMmone
o
. | ﬁl"' L 4
©)
@)

M
Sec

me’(

i ) 100

v (er./sec.) o




812.
STIARED DINYDRATE GROWTH RATE (R.) At 98°

FIGURE 27
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they found that a = 0.6 for the growth of MgSO .7H20 and

A

Cuso .5H20 crystals. On the other hand, for the dissolu-

L
tion of various salts in water, the value of a was found to
be between 0.6 and 1.4 depending on the velocity.

In order to determine to what extent the rate of
mass transfer controls the overall growth rate of calcium
sulphate dihydrate, measurements of the growth rate of

stirred crystals were made.

EXPERIMENTAL

The apparatus and procedure used in these experi-
ments was similar to that described in section 3.2. The
relative velocity of the crystal in the solution was cal-
culated from the diameter of revolution of the crystal and
the rpm of the glass support rod, the former being measured
with the travelling microscope and the latter with a stro-
boflash.

The measurements were again mede at 70°, 85° and
98°C. The solution concentration which was constant for
the duration of each run had a value between 17.0 and 4.6
millimoles per litr:. Crystal velocities ranged from 0,2
to 75 cm.sec T,
RESULTS

The growth rates obtained for stirred dihydrate
crystals are listed in tables 10, 11 and 12. In figures

23, 25 and 27, the effect of the relative velocity v on
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the growth rate Rl is illustrated. At all temperatures
an¢ supersaturetions, the growth razte increased to some
extent with stirring indicating thet the overall growth
raze of unstirred crystals is at least partly mass trans-
fer controlled. At 70%, for all the supersaturations
investigated, the stirred growth rate aporoached a constent
value as the stirring rate was increased, suggesting theat
“he rate of surface reaction becumes increasingly the con-
trolling rete at high stirring velocities. At the higher
temperatures, however, the growth rate continued to in-
crease over the range of stirring rates investigated,
except for solutions of low supersaturation. This indicates
that the overall rate becomes increasingly controlled by
the rate of mess transfer as the temperature is increased,
and that only at very low superseturetions and high stir-
ring velocities can the control by mass transfer be removed.
When the growth rate is largely mess transfer
controlled, the effect of v on K might be expected to be
similar to that on km. Assuming a rete equetion of the
form found in section 3.2,
R. = K(Ac)l'8

1
values of K were calculated for the measured growth rates

cm.sec

on the steep portions of the curves in figures 23, 25 and
27 (the portions of the curves where the growth rate is

rnot yet approeching 2 constent value with increasing
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stirring velocity). These values of K which are listed
in tables 10, 11 and 12 ere plotted egainst v in figures
2L, 26 and 28. The lines in these figures correspond to
the relastionship:

K o v0.6

It appears that this empiricsl reletionship, which is
similer to that described by equation 25, adequately des-
cribes these results.

In figure 29, the effect of the rate of stirring
on the growth rate R, at 85° is illustrated. These results
again indicate that only a2t low supersaturations and high
stirring rates is 2 maximum growth rate resched.

In figure 30, the raetio of the growth rates,
RZ/Rl , 1s plotted egainst the stirring velocity. This
figure indicates that an increase in the stirring rate
tends, if anything, to have a2 greater effect on Rl than
on R2’ thus producing longer and thinner crystels., This
is contrary to what one would expect if the formation of
needle-like crystals in unstirred solutions is to be at-
tributed to mass transfer limitastions. It hes often been
stated that needle-like crystals form becouse of & stagnant
layer of solute-depleted solution along the sides of the
unstirred crystal, while the faster-growing tip is exposed
to fresh solution because of convection and its faster

growth rate. If this were actually the case, then needle
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growth should be ebolished altogether when the crystal is
well stirred. Instead, these dihydrate crystals became
rather more needle-like when stirred.

Another cause of needle growth that has been
proposed involves the dissipation of the heat ef crystalli-
zation., If heat is more readilv dissipeted from a crystal
tip than from the sides, an unstirred crystal with a posi-
tive solubility would be exposed to solution with a8 gresater
supersaturation at the tip. Stirring the crystal would
again tend to equalize the supersaturation arocund the
crystal and remove the cause of needle growth. However,
the dihydrate, which liberates s small hest of crystalli-
zation, has a negative solubility and although the more
ready dissipation of heat from the tip of an unstirred
crystal might account for the relatively higher R2/Rl
values in this case, it certainly does not explain why
needle-like crystals should form at 211 in unstirred solu-
tions.

Since at 70° the growth rate Rl approached a
censtant meximum value when the stirring rate was above
10 to 15 cm.sec'l, this suggests that the resistance to
mass transfer was reduced to such an extent thet the over-
all growth rate was controlled by the rate of the surface
reaction, and the supersaturation at the crystal-solﬁtion

interface was very nearly thet in the bulk of the solution.
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STIRRED AND UNSTIRRED GROWTH RATES
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In figure 31, these growth rates of well-stirred crystals
(from table 10) are compared to the corresponding growth
rates of unstirred crystals at 70° from section 3.2. &
linear regression of log R, on log Ac for the stirred
results gave the following empirical equation, with 95%

confidence limits on the rate:

R, = (1.03 % 0.45) x 10~-%(Ac) em.sec

1

If the rate of the surface reaction is assumed
to be independent of the stirring velocity, then unstirred
and stirred crystals having similar growth rates must have
similar supersaturations, c¢j - c* at the crystsl interface.
Using this estimete of the interfacial concentration, one
can then calculate the rate of mass transfer to the un-
stirred crystals at 70°. For example, from figure 31,
when the growth rate is 3.2 x 10"6 cm.sec™ T (4.3 x 1072

millimoles.cm'z.sec-l),

c - ¢* = 2 millimoles per litre

for well-stirred crystals and 5.2 millimoles per litre for
unstirred crystals. From the solubility data illustrated
in figure 3, the corresponding bulk solucion concentrations
are respectively 19.7 end 23.4 millimoles per litre., As-

suming that c; = ¢ for the stirred crystels, then

c; - c* = 2 millimoles per litre for the unstirred crystals,

Using this value along with the solubility data, N for un-

stirred crystals is calculated to be 20.8 millimoles per
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litre. Therefore, ¢ - c¢; for unstirred crystals is 2.6
millimoles per litre and k_ = 0.017 em.sec T, The results
of a few of these calculations are listed in Table 13.

These results indicate that the vzlue of k

increases with increasing supersaturation. Although there
may have been a slight error introduced into the calcula-
tions by assuming that for the stirred crystals, the inter-
facial concentration equalled the bulk solution concentra-
tion, tnis could account for only part of the increase.
It is more probable thst some factor, such as convection,
causeu km or ¢, (or both) to increase from the value cor-
responding to mass transfer in still solutions, and that
this effect'was more pronounced in the more concentrated
solutions.

An estimate has been obtained for the growth rate
of unstirred crystals under conditions of complete mass
transfer control without convection. Using Fick's law and
assuming a diffusion layer of infinite thickness, an ex-
pression for the rate of diffusion to the hemisphericsl tip

of a crystal was fovrnd. Fick's law gives at steady state:

J . D de 113 =2 0oL
g = 163 . 2L millimoles.cm " sec

dr
where J is the molar flux in millimoles per second passing
through the hemispherical area A = 2TTrzcm2; D is the dif-
fusion coefficient in cm%sec_l; ¢ is the solution concentrs-

tion in millimoles per litre at r, the radial distsnce from
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the centre of the hemispherical tip in cm. Integrating

this equation with the boundary conditions:

(1) r = r, the radius of the crystel tip at

c*

]

(2) P = 0 2t ¢ = ¢

co
results in the following equation:

J R, =D (c.. - c%) millimoles
S =M1 5= . fo 77 (26)
A 10 ry cmzsec

The dihydrste crystals used in the present growth rate

measurements had an r, of approximately lO'2 cm., and with
D = 3.5 x 1077 cmz.sec'l, equation 26 reduces to:
-6 C 1 -2 -
Ry = 3.5 x 10 (ca)— c*) millimoles.cm “,sec

2.6 x 10-7(c - ¢*%) cm.sec_l

The rate given by this equsation is compared to
the measured unstirred growth rete in figure 3. At low
supersaturations, the rate calculated from this equation
agrees well with the observed growth rate. At higher suvper-
saturations, however, the predicted rate is much lower than
the measured rate presumably because, s discussed pre-
viously, convection comes into play and under these condi-

tions, the sbove equation would not be applicable.
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3.4 The Effect of Crystal Size on Growth Rate

The equation derived for the rate of growth

under complete diffusion-control:

o=~ ©¥) millimoles

2
r. cm~ second

predicts that the rate increases as the radius of the
crystai tip, L decreases, To determine whether crystal
size affects the growth rate in these condit ions, measure-

ments were made of the growth rete R, of smaller unstirred

1
dihydrate crystals.

EXPERIMENTAL

The appasratus and procedure used in these experi-
ments were the same as described in section 3.1 for the
batch system. The value of rt was taken s half the width
of the crystsal and varied from 2 x lO-hcm. to 160 x lo-hcm.
The growth rete was neasured in solutions at 85°C with
concentrations of 20, 23 and 27 millimoles per litre.
RESULTS

The results of these measurements are listed in
teble 14 along with the appropriate results from table 8,
and illustreted in figure 32. The curves drawn in these
graphs were obtained by substitution in the above equation.

The measurea growth rstes agree reasonably well

with the predicted rate over the range of crystal sizes

investigated, although the effect of crystal size is not
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quite as pronounced es thet calculated from the equation,
For example, the observed retes do not increase indefi-
nitely as ry -—» 0, nor do they decrease indefinitely as
ry —» o, as predicted by the equation. In the former
case, the growth rate approeches the rate obtained for
well-stirred crystals where the rete of the surface reac-
tion becomes the controlling rate. In the latter case,
the growth rate is probably not completely diffusion-
controllea for larger crystals because of convection in
the solution. However, the approximete agreement of the
measured rates with the equation indicates that the growth
rate of unstirred dihydrate crystals is to a large extent
diffusion-controlled and dependent on the size of the

crystal,

3.5 Summary
The growth rate of the fast-growing edge of both

stirred and unstirred calcium sulphate dihydrate crystals
has been messured as a function of supersaturation in
mixed calcium chloride and sodium sulphate solutions at
temperatures between 70O and 98°C. The empirical equations
derived indicete that the rate is approximately second
order with respect to supersaturation.

A quite considerable increase in growth rate was

obteined by stirring the crystals, suggesting that the rate
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is partly, if not wholly, controlled by the raste of mass
transfer at these temperatures. At 70°, for supersatura-
tions up to ebout 6 millimoles per litre, mess trensfer
effects were virtually eliminated at high stirring rates,
but at higher temperatures a constant meximum stirred
growth rate could be obtained only at very low supersatura-
tions. This indicates that s might be expected, mass
“ransfer becomes incressingly the rate controlling step

at higher temperatures.

The calculated mass transfer coefficient for
unstirred growth at 70° increased with solution concentra-
tion. This is believed to be due to convection which
becomes increasingly important at higher solution concen-
trations.

The dihydrate crystals produced at these tempera-
tures and supersaturzstions were needle-like and became
longer and thinner st higher supersaturstions. The forma-
tion of needle-like crystals cannot be attributed to mass
transfer linitations since the effect of stirring was to
produce even longer and thinner crystals.

The size of unstirred crystals has been shown to
affect their growth rates, and the increase in rate with
decreasing crystal size sgrees reasonably well with the
predicted values for complete moess transfer control of the

growth rate.
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CHAPTER 4
THE GROWTH RATE OF HEMIHYDRATE CRYSTALS

L.1 Introcduction

In this chapter, measurements of the rate of
growth of calcium sulphate hemihydreste are reported.
Hemihydrate, or subhydrate ss it is sometimes called be-
cause of its variable water content, is unstable with
respect to the other forms of calcium sulphete over the
entire temperature range (see figure 1). However, in the
90° - 130°C range, hemihydraste is frequently formed and
can remain in apparent equilibrium with solution for long
periods.

Hemihydrete is normally encountered es long,
thin needles and in these experiments the displacement
in the lengthwise or fast-growing direction of the needle
was measured. The rates of growth of both unstirred and
stirred crystals were obtained in solutions of known and

constant supersaturations at 98°C.

L.2 Growth Rates of Unstirred Crystals

EXPERIMENTAL

The apparatus and procedure used to obtain hemi-
hydrate growth rates was similer to thet used for the di-
hydrate &s described in section 3.2. The seed crystals

were taken from some produced in previous nucleation runs
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and mounted on glass rods as before. The crystals were
generally less than 0.001 cm. in width as compared to
0.02 cm. or more for the dihydrate seed crystsls in sec-
tion 3.2.

The solution concentration which was constant
for the duration of each run ranged from 16.5 to 24.0
millimoles per litre. Measurements of displacements from
J.1 mm. to 1 mm. were made over periods of up to 2 hours.
RESULTS

The results of these runs asre listed in table 15
and illustrated in figure 33 where they are compared to
the unstirred dihydrate growth rate st 98°, The solubili-
ties of hemihydrate and dihydrate at this tempereture are
equal and hence the dats of reference 30 for the dihydrate
were used.,

A linear regression of log R on log O&c gave
the following empirical equation, with 95% confidence

limits on the rate:

-6, 1.32 * 0,18

R = (5.01 % 1.23) x 107" { Ac) cm/sec

It is apperent from figure 33 that the growth
rate of unstirred hemihydrate is somewhat higher than that
of unstirred dihydrate at 98°, However, the difference
in the size of the seed crystasls should be noted. It was
Tound that the growth rate of unstirred dihydrate crystels

increased with decreasing crystel size. Considering the
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magnitude of the increase indiceted in figure 32, dihydrate
crystals of s size similar to these hemihydrate crystals
would be expected to have growth rates approximately equal

to the hemihydrate growth rates.

L.3 Growth Rates of Stirred Crystols

In order to determine to what extent the rate
of mass transfer controls the overall growth rate of the
hemihydrate, measurements of the growth rates of stirred
crystals were mada. The results ere reported below in
two parts: preliminary measurements of the growth rate

and factors affecting the rate.

3.1 Preliminary Measurements of the Stirred Growth
te

Lo
Ra

EXPERIMENTAL

In the preliminary stirred runs, the apparatus
and procedure was similar to that used for the stirred
dihydrate growth rate messurements in section 3.3. As for
the unstirred hemihyarate crystals, the measurements were
made at 98°. Solution concentretions were 17.0 and 18.5
millimoles per litre and crystal velocities ranged from
L.2 to 65 cm/sec.

RESULTS

The results of these measurements are listed in
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table 16. In most of these runs, the rate continually
decreased over the period of stirring and eventually
growth ceased altogether, A typical run is illustrated
in figure 34 where the displacement and corresponding
growth rate of the crystal are plotted sgaeinst *+ime, 1In
this run, the crystsal was unstirred for about 90 minutes
and a corstant growth rate wes observed. Stirring was
then begun and this rate of growth was mainteined for a
further 25 minutes after which it decreased sharply to
Zero.

The time elapsed between the beginning of stir-
ring and the cessation of growth varied widely in these
runs, as indicsted in table 16. In some, growth stopped
in a few minutes and in a few, no growth whatsoever was
measured after stirring was begun. It was also observed
thet in both batch snd flow systems, crystals which had
stopped growing during stirring often did not resume growth
when stirring was stopped.

Analysis of the solution concentration in several
runs showed no significant difference between growth and
non-growth conditions. Nor were there any heat of crystal-

lization effects detected in temperature measurements of
the solution at points up to 1 mm. from the crystal tip.

Although the hemihydrate crystals were long,

thin needles, breskage during stirring was uncommon 2nd
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easily recognized by a sudden change in crystal length,
after which growth resumed.

In 2 very few of these runs, it was observed
that the solution beccame progressively cloudy when the
crvstal was stirred. This cloudiness was csused by the
glass dust produced when the crystal support rod rotated
at high speeds in the glass sleeve. Gradually, the dust
fell into the solution and settled out on the surfaces in
contact with the solution. This same cloudiness was oc-
casionally observed in the stirred dihydrate experiments
reported in section 3.3, but no effect on the growth rate

was detected in that case.

L.,3.2 Effect of Impurities on the Growth of Hemihydrate

In crystal growth, the surface reaction is often
affected by the prescnce in solution of impurities which
may become attached to the crystal surface. Growth may
then be inhibited by the reduction in the number of sites
available for solute adsorption, and may stop altogether
if all the sites are covered by the impurity. In this
section, experiments are described in which the effect on
the hemihydrate growth rate of the glass dust observed in

the previous section was investigated.
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EXPERIMENTAL

- Four types of experiments sre reported in this
section and the procedure for esch is described below,
(1) The growth rates of stirred dihydrate and hemi}
hydrate crystals were measured simultaneously. One seed
crystal of each of the two hydrates was mounted on the
same glass rod so that the growth rates could be obtained
ander identical conditions for comparison,A -‘~
(2) The effect on the unstirred hemihydrateggfowth
rate of a visible deposit of glaess dust on the crystal tip
was investigeted. Some glass dust was added to the solu-
tion either by stirring the glass rod for some time or by
crushing and grinding a piece of glass rod and adding the
dust to tne solution. The crystal was then observed for
a visible deposit as the growth rate was measured.

(3) The effect of partial dissolution on subsequent
growth of hemihydrate was investigeted. Crystals that
had stopped growing were removed from the solution and
immersed in distilled woter for a few minutes. The crys-
tal was then returned to the solution and the growth rate
measured,

(4) The formation of glass dust was prevented in a
few stirred runs éither by using a brasglgrystalxsupport
rod in & brass sleevé or by using a rigid couﬁling, witﬁ-i

out sleeve, between the glass support rod and the motor.
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RESULTS

The results of the simultaneous growth rates
of hemihydrate and dihydrate ere listed in tasble 17.

In figure 35, the displacement-time plot for a typical
run is illustrated. This shows that the dihydrete,
unlike the hemihydrate, does not have any tendency to
grow at a reduced rate when stirred. Rather, the stirred
~ate is higher than the unstirred rate as reported in
section 3.3. This provides further evidence that the
solution concentration is not affected by stirring. It
is evident from figure 35 that the hemihydrate grows at
an increased rate just after stirring is begun, but this
rete soon drops to zero and remains thereeven after stir-
ring is scopped.

The effect of a visible deposit of glass dust
on the unstirred growth rete of hemihydiate is indicated
in table 18. 1In figure 36, a time-displacement plot of
one of the runs is illustrated. The growth was observed
to stop at zbout the same time eos the presence of dust
was detected on the growing crystal tip. That the crystal
had in fact stopped growing and was not merely growing
through the deposit was shown by lightly tepping the crys-
tal support rod to remove the edhered dust. When this
was done, the crystal length was found to be unchanged.

however, growth resumed immediately efter the dust had
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been removed. Clearly, a visible deposit of gless dust
was sufficient to prevent growth of unstirred hemihydrate
crystels.

Partial dissolution of 2 hemihydrate crystal
that had stopped growing, only occasionally activated
the crystal for growth. The results of these dissolution
runs are listed in table 19, end a2 run in which activa-
tion occurred is illustrated in figure 37. If the growth
stoppage of hemihydrate cen be ettributed to adhering
impurities, dissolution would be expected to remove these
and allow growth to proceed. It is not clear why growth
resumed in only a few cases unless the freshly dissolved
surface quickly picked up impurities when replsced in
the solution.

When the formetion of glass dust wes prevented
by using o brass support rod or o rigid coupling, stirred
hemihydrete crystals with only one exception continued

to grow for periods of up to 2 hours without any decreese

in growth rate, 2s indiceted by the results listed in
teble 20, Since the stirred growth rete was generally
constant in t he absence of glass dust this, together with
the fact that visible deposits of glass dust have been
shown to inhibit the growth of unstirred hemihydrate
crystals, strongly suggests thet the ceuse of the decrease

in growth rete of stirred hemihydrete crystels in the
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present work is a coating of glass dust on the growing
tip of the crystal, If this is so, 2 very smell deposit
appears to be sufficient since in the previous runs,
none was visible on stirred crystels thet had stopped
growing in solutions containing gless dust, when the
crystals were examined at 150x magnificetion. Although
the presence of glsss dust may not be the sole cause of
the growth rate decrease in these experiments (growth
stopped in one of these runs with a rigid coupling and
has also been observed to stop in the experiments des-
cribed in the following chapter where & brass rod wes
rotated in a brass sleeve), it clearly is a factor which
affects the growth rate.

In figure 38, the maximum stirred hemihydrate
growth rates are plotted against stirring velocity, ex-
cluding runs where no growth occurred. The rates are also
listed in tsble 21. These rates were generally obtained
just after stirring was started and they subsequently
decreased to zero. It is probeble, therefore, thst many
arz below the true stirrec growth rate of the hemihydrate
since the rate decrease set in very rapidly in some runs.
Nevertheless, it asppears thet at the low stirring velo-
cities an increase in the rate is brought about by stir-
ring the crystal, suggesting that the growth of hemihydrate

may be partly mass trensfer controlled under these



110.

conditions. However, it should also be noted that the
stirred growth rates obtained in the absence of glass
dust were not significantly higher than the unstirred

rate.

L.k The Growth Rates of Hemihydrate and Dihydrate

in 1.0 Molar Sodium Chloride Solutions

EXPERIMENTAL

A few measurements of growth rates of stirred
and unstirred hemihydrate and dihydreste crystals were
made in 1 M NaCl solutions in order to determine if their
growth behaviour in these solutions was similar to that
found in mixed calcium chloride and sodium sulphate solu-
tions. Tae solutions were prepared by adding equal
volumes of equimolar calcium chloride end sodium sulphate
solutions to a volume of NaCl solution =o that the total
concentration of NaCl was 1 M. The apparstus end proce-
dure for growth rete measurement was similar to thet used
previously. The crystals were mounted on glass rods and
gloss dust was producad on stirring. Solution tempera-
ture was agsin 98° and concentrations of 45.0 snd 46.0
millimoles per litre were used.

RESULTS
The results of these measurements are listed in

teble 22, The solubility date of reference 30 were used,
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These growth rates of hemihydrete and dihydrate
are approximetely equel in velue to the growth rates
measured previously in mixed celcium chloride znd sodium
sulphate solutions et corresponding supersaturations.

As before, the growth rate of the dihydrete incressed
when the crystel was stirred, and the hemihydrate stopped
growing after about 20 minutes of stirring.

A visible deposit of glass dust on an unstirred
hemihydrates crystel in run 577 was agein observed to
affect the growth rate. The results of this run were
therefore included in teble 18.

It is epperent then that the growth behaviour
of dihydrate and hemihydrate is largely unaffected by

the sodium chloride present in the solution.

Le5 Summary
The growth rate of hemihydrate needles in the

lengthwise direction has been measured in mixed calcium

chloride and sodium sulphate solutions 2t 98°. The rate
of growth of unstirred crystels was found to be dependent
on the supersaturation to the power, 1.3, and was higher

then the unstirred dihydrete growth rate, R., 2t the same

1
temperature, Differences in seed crystel sizes in the
two cases, however, does not allow & direct comparison

of the rates.
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The rate of growth of stirred hemihydrate
crystals was found to decresse with time until, in many
cases, growth stopped altogether. The casuse of this
decrease is believed to be the presence in the solution
of glass dust produced st high rates of stirring by
abrasion of the gless stirring rod in the gless sleeve.
Dihydrate crystals grown simultaneously in the same solu-
tion were not so affected and showed an incresse in rete
when stirred, as was found previously in section 3.3.
Also, it was shown that the growth rate of en unstirred
hemihydrate crystel could be inhibited by s visible
deposit of glass dust on the growing tip. When the
formation of gless dust in solution wes prevented, stirred
hemihydrate crystaels generslly grew at a constant rate.

An increese in the growth rete with stirring
appears to be indicated, suggesting thai the oversll
growth rate may be to some extent mass transfer controlled.

The growth retes of hemihydrete and dihydrate
measured in 1 M NaCl solutions were similar to those in
mixed calcium chloride and sodium sulphate solutions for
similar supersaturastions. Stirring and the presence of
gless dust had an effect on the growth retes similar to

that found in previous experiments.



CHAPTER 5
THE FORMATION OF MASSIVE DEPOSITS OF

DIHYDRATE AND HEMIHYDRATE

5.1 Introduction

Up to this point, the present work has been
concerned with the kinetics of formstion and growth of
single crystals in the bulk of the solution. With this
as a basis, the following work investigates the mechanism
end the rete of formetion of massive deposits of these
crystels on both metal and crystel surfeces.

As indicated in section 1.3, the mechanism of
scale formetion on a surfece would be expected to be com-
prised of st leest two and possibly three steps:

(1) The initial formetion of crystal nuclei either
on the surfece or in the bulk of the solution
followed by zttachment to the surface.

(2) Growth of these crystal nuclei, and possibly -

(3) Further nuclestion either on the existing deposit
or in the bulk of the solution followed by

attachment to the deposit.

In thie chapter, exploratory studies on the form
of dihydrate and hemihydrate deposits on both heated and
unheated metal surfaces are reported along with measure-

ments of the rate of deposition of these two hydrates on
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unheated metal surfaces. Verious conclusions are drawn
regarding the mechanism of deposition, and sn attempt is
made to relate the results of the deposition rate measure-
ments to the single crystel growth rates reported in

previous chapters.

5.2 Exploratory Investigations of Deposition on

Unheated Metal Surfaces

The studies reported in this section are chiefly
gualitative in nature, The experiments were carried out,
using small volumes (1 to 2 ml) of solution, to provide
general information on the conditions favouring crystal
deposition on an unheated inetel surface.

EXPERIMENTAL

A number of gless tubes of two types, B 2nd D
(see figure 4), were prepared for use in these experiments.
Equal volumes (about 1 ml) of equimolar solutions (44
millimoles per litre) of sodium sulphate and calcium
chloride were introduced into separate legs of these
tukes with a long-tipped pipette. In some runs, a few
drops of concentrated hydrochloric acid were also added,
in order to give the normally neutral solution a lower
pH. TFor the runs in B tubes, a 1.5 inch length of metal
wire was dropped into the solution in one leg, and the

top of the tube was sealed. For the runs in D tubes, the
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wire was inserted in the stirring rod which was then
pleced in the tube. The tubes were then placed in the
constant temperesture bath at lOOO, end after sufficient
time had been allowed for the solutions to reach bath
temperature, the tubes were tipped to mix the solutions,
In D tubes, stirring was commenced at the time of mixing.
Deposition on the wire and elsewhere in solution was
observed with a travelling microscope at intervels up

to an hour or more.

LCight kinds of metal wires (18 gauge S.W.G.)
were used: galvanized iron, steel, copper, aluminium,
platinum, nickel-~chromium, tungsten and stainless steel,
The surfsce of the wire was prepered in one of the fol-
lowing thiee ways: (1) no treztment whatsoever, (2) a
section of the wire was filed to remove surface impurities
and (3) a section of the wire wes coated with cellulose
acetate paint.

In 2ll of these experiments, the hemihydrate
crystals were first observed in the bulk of the solution,
as noted previously in section 2.5. Later, crystsls were
detected on the various surfeces exposed to the solution,
and when the wire was unstirred, crystals were sometimes
observed in the process of sttaching to the metal surface.

Although the rete of stirring in the D tubes (about 200
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rpm) was rather low, it was sufficient to give considerable
agitetion in the solution, and the density of the deposit
on the metal surface was generally lower for stirred

wires than for unstirred.

In figure 39, photographs of the deposits in
two of these experiments are shown. The needle-like hemi-
hydrate crystals were usually ettaeched at one end to the
metal surface, as indiceted in the first photograph (run
204), and often @ cluster of crystals appeered to be
attached at a point. Mo preferred orientetion on the
surface was apparent.

In teble 23, the effect of the type of metal,
the surfece trestment and the solution scidity on the
density or the deposit on stirred wires is summarized.
These results indicate that the corrosion resistance of
the metal influences the density of the deposit, the
deposit being heevier on metals with a low corrosion
resistance. Presumably, this is becsuse metals that are
easily corroded have a rougher surface, making it easier
fo1 crystals to become asttached. The photographs in
figure 39 illustrate this point. In the first photograph,
the visible crystals are sll attached to the bere, un-
treated section of the wire, the outline of which is
just discernible, and there ore virtuslly none on the

surrounding painted section. In the second photograph,
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there is a heevy deposit of crystals on the untreated
sections of the wire on eithef side of the filed section
(dark verticel strip between) to which no crystals ap-
peared to be ettached. It seems that peinting or filing
8 section made the surfece smoother and less smenable to
crystal attachment.

The deposit density recorded in table 23 is an
arbitrery measure of the relative numbers of crystels,
but in one unstirred experiment, the numbers of crystals
on verious surfeces in contact with the solution were
counted and the area of the surfaces estimated. In toble
24, the resulting deposit densities are listed. It is
apparenc from thess velues thav the density is much
higher on the bare section of the wire than on the
peinted section. This can also be seen in figure 39
where the first photograph shows this same wire after
L hours in the solution.

Thus, these results suggest that the crystals
nucleate in the bulk of the solution and later become
atteched to the surface, the number attached depending
on the roughness of the surface. A4lso, attachment is

epperently more difficult in agitated solutions.
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APPARATUS FOR DEPOSITION ON A WEATED SURFACE

FIGURE 40
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5.3 Exploratory Investigations of Deposition on a

Heated Metal Surface

In this section, qualitative studies on deposi-
tion on a hested metal surface over a limited range of
experimental conditions are reported. These expzriments
were carried cut to determine whether tha form of the
initiel d=posit on a hested surface was similar to that
reported for an unheated surface in the previous section.

EXPERIMINTAL

The apparatus used in these experiments is
illustrated in figure 40. The flowrate of each of the
feed solutions was controlled by similer cspillaries so
that equal volumes /135 cc,hr'l) of the equimolar calcium
and sulphate feed solutions were mixed just before enter-
ing the scaling section. The mixed solution then passed
through the scaling section, depositing cslcium sulphate
on the outside of the 0.5 inch diameter heasted steel
tube., Heet was provided by pessing superheated steam
through the steel tube, the flowraste of the steam being
controlled to give near boiling to vigorous boiling con-
ditions in the solution. The form of the deposit was
observed for periods of up to 90 hours.

In four experiments, the concentretion of each
of the calcium chloride and sodium sulphate feed solutions

wes L4 millimoles per litre. In the other experiment, e
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synthetic sea water brine was prepared by dissolving the
major salts in water, ss indicated in teble 25. The con-
centration of the brine was about 4.25 times that of
normal sea water.

RESULTS

In these experiments, the crystels were observed
in the solution and on the glass walls of the scaling
section as well as on the heated steel tube, but gene-
rally most of them were attached to the heated surface.
The deposit, which Was thicker at the lower end of the
tube where the solut ion entered the scaling section,
developed considersble adhesion to the metal surface over
the period of the experiment.

In teble 26, the results of these experiments
are summarized. The crystels formed in mixed calcium
chloride and sodium sulphate solutions were entirely the
dihydrate, and the first photograph (run 373) of figure
41 illustrates the nature of the deposit. It had a
rether porous structure, being composed of large separate
crystals (up to a few mm., long) radieting outwards from
the tube surface. The deposit thus resembles that reported
in the previous section. (Golightly end McCartney13
reported the same sort of structure for dihydrate deposits
on a heested surface in experiments carried out under

similaer conditions.) Although the solution was boiling
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at the surface at the beginning of this run, the boiling
ceased as the deposit grew and hence the deposit illus-
trated in this photograph corresponds to non-boiling
conditions.

The deposit on the steel tube 2t t he solution
surfece was very much different in eppearance, as indi-
ceted by the second photograph (run 372) of figure 41.
This portion was much more compact and was found to con-
sist of tiny dihydrete crystels. This was presumably
due to evaporation of the solution at the triple inter-
fazce (solution - steel tube - a2ir) ceusing incressed
nucleation in the thin film of highly supersatureted
solution,

In the experiment using synthetic sea water
brine, the crystels were entirely hemihydrate end the
first photogreph of figure 42 illustretes the sppesarence
of the deposit on the lower and middle sections of the
steel tube. It is espparent thet the hemihydrete crystels
were very much smeller than the dihydrete crystels pro-
duzed in the previous runs, and the structure of the
deposit was somewhat less porous. The deposit on the
upper end of this tube, where boiling occurred during
most of the run, is illusvrzted in the second photograph
of figure 42. Here, an extended form of the rings of

7

crystals, s reported by Pertridge’ end others, is evident.
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4s with the dihydrate deposits et the solution surfece
in the previous runs, the deposit which formed in the
boiling region wes more compact,

Thus, under these experimentel conditions, the
initial calcium sulphste deposits formed on 2 hested sur-

face in non-boiling solutions are simila> to those ob-

tained on #n unheated surface in the previous section.
That is, the deposit is & porous structure of separate
crystels radieting outwerds from the surface. It eppears
elso thet at temperatures espproaching lOOoC, dihydrate
deposits in calcium sulphete solutions wherees hemihydrate

deposits in the synthetic sea water brine.

5.4 The Rate of Deposition on 2 Metal Surface:

Isothermel Conditions

In this section, measurements of the rate of
build-up of dihydrete and hemihydrete deposits on 2 stirred,
unheated metel surface under isothermal conditions are
reported, and the results ere compared to the growth rates
of single crystels reported in Chepters 3 and 4.
EXPERIMENTAL

The apparatus used for these measurements was
a flow system similar to that illustreted in figure 16:
but in plece of the glass rod end guide shaft, e bress

rod 2nd guide shaft were inserted es illustrated in figure
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APPARATUS FOR DEPOSITION RATE MEASUREMENTS
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43, with the rod positioned midway between the solution
inlets end outlet.

The surfece of the rod was prepered for the
runs in the following wey. When # new rod wes used, the
surfaece was lightly rubbed with a fine grade of emery
paper and then a few crystals of the hydrete desired for
growth were deposited on its surfece. For dihydrete
crystels, the rod was dipped into a2 celcium sulphate solu-
tion at room tempereture, removed end a2llowed to dry in
air leesving tiny dihydrete crystels deposited on the rod.
For hemihydrate, the rod wes immersed in 2 highly super-
satureted calcium sulphete solution at lOOO until some
crystals ettached to the rod. In other runs, a rod with
e deposit grown in 2 previous run wes used. One run was
sterted with a rod completely free of any deposit.

For most of these runs, the feed solutions were
simple equimoler celcium chloride and sodium sulphate so-
lutions. In 2 few runs, sodium chloride was added to
each of these solutions, meking them 1.0 moler in sodium
chleride. The flowrate of each solution was controlled
by similer capilleries in the feed lines s before, so
thet equal volumes of the solutions mixed continuously
at the bottom of the deposition section. At vearious times
during the run, 5 ml. samples of solution were withdrawn

from the deposition section through the capillery (see
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figure 43), cooled to room tempersture and enalysed for
calcium ion concentretion.

it the stert of each run the deposition section,
which had been thoroughly cleened to remove eny deposit
from the previous run, was filled by sterting the flow
of the feed solutions. When the sectior was filled, it
was immersed in the constsent tempersture beth and after
sufficient time had been allowed for the solution to reach
bath temperesture, the brass rod was pleced in the solution.
Lfter initial meesurements of the rod with the trevelling
microscope (see following paragraph), the rod was started
stirring. The relstive velocity between the rod and the
solution was measured as described in section 3.3.

The following procedure was adopted for measur-
ing the rate of deposition. Stirring was stopped and
the rod was set in & fixed position. With a2 100 watt
lamp illuminating the rod from the rear, the profile of
the deposit was observed using a travelling microscope.
The cross-hair in the eyepiece of the microscope was lined
up along the deposit on each side of the rod and the dis-
placement measured. This was repeated at fixed points
5 mm. spart (approximately the field of view of the micro-
scope) along the length of the rod. Since the deposit
was somewhat porous, two displacement measurements were

made at eech point. The first corresponded to the %base
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deposit" which extended to the point where the deposit
just begen to trensmit light. The second corresponded
to the "tip deposit which referred to the tips of the
crystals extending furthest from the surface. These
measurements were made at intervels of three hours or
more with the rod in the same position each time, and
half the change in the displacement was tsken azs the
increese in the thickness of the deposit over the time
interval. Each set of meesurements required about 15
minutes to complete, after which stirring was resumed.

These experiments were carried out at 850 and
98° and were up to 80 hours in durstion.
RESULTS

In these experiments, the deposit produced at
85° was exclusively the dihydrete, while that at 98° was
usually a mixture of hemihydrate and dihydrete. The di-
hydrate deposits were similar in appearence to those ob-
tained on a heated surface in non-boiling solutions in
section 5.3 (see first photograph, figure 41). On the
other hand, the hemihydrete deposits were harder asnd more
compact with very good adhesion to the brass rod.

The photogrephs in figure 44 illustrate the
deposits produced at 98°. The first photograph shows s
mixed dihydrate and hemihydrete deposit, with the larger

Gihydrate crystels extending beyond the underlying
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hemihydrate deposit. On the right hand side of this
deposit, there are a few hemihydrate needles which grew
to somewhat greater lengths than the rest of the hemi-
hydrate crystals in the deposit. JAnother pert of the same
deposit is shown in the second vhotograph. This smooth~
looking deposit consists almost entirely of tiny hemi-
hydrate crystals radiating outwerds from the rod surface
much as the larger dihydrate crystsls do. This is illus-
trated in the third photogrsph which shows & section of

a hemihydrate deposit of this type a8t a higher magnifi-
cation.

In the initisl steges of the runs st 98°, the
deposit appesred to be entirely hemihydraste. However,
as the run progressed, a2 retardstion in the hemihydrate
growth rate appeared to occur and dihydrate crystals
gredually became apparent in the depositc. Over the period
of the run, these dihydrate crystals eventually grew to
several times the length of the underlying hemihydrate
crystals.

Sections of the dihydrate deposit obtained at
85° were also examined at a higher mognification. This
examination showed that the relatively lerge dihydrsate
crystals visible 2t the surface of the deposit grew from
a continuous base of tiny dihydrate crystsls. There were

also tiny dihydrate crystaels attached to the surface of
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the larger crystals, particulsarly in the area of the
crystal nearest the base, and in some cases these smaller
crystals completely covered the surfzce of the larger
ones. In figure 45, the top and side views of one of

the large crystals are shown. The presence of these

tiny crystals appears to indicete that there is a third
step in the mechenism of deposition (see section 5.1) i.e.
further nucleation either on the existing deposit, or in
the bulk of the solution followed by attechment to the
deposit. The question of the source of this nuclestion
is teken up in the following chapter.

The results of the rete of deposition measure-
ments are listed in tables 27 and 28. The average rate
of deposition was teken as the arithmetic mean of the
rates at the points of the traverse along the deposit,
Also listed in these tables are the maxiium rates observed
at any point on the traverse.

In table 27, it is evident that the measured
solution concentration in the first three runs with the
low solution flowrate (about 100 cc.hr-l) decreased as
the deposit built up ond the surface sres of the growing
crystals increased. This tendency was not as apparent
in later runs with higher solution flowrates.

The average bese deposition rates are seen to

be generally less than the average tip deposition rates.
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Since the former, in the csasse of the dihydreste deposits
at least, is a measure of the rate at which the porous
deposit fills in, this difference in rates indicates that
the deposit would tend to remain porous es it builds up.
In table 29, the meximum observed tip deposition
rates at 850 in these experiments are compared to the
growth rates of stirred single dihydrate crystals at the
same temperature and supersasturestion as reported in
Chapter 3. Since these latter growth rstes were measured
at two solution concentrations only, interpolation of
the results of Chapter 3 was necessary in order to esti-
mate the single crystal growth rates corresponding to the
measured solution concentretions in the deposition expe-

riments. #&n equation of the form:

was used for this interpolation since this was found to

adequately describe the effect of supersaturstion on the
single crystal growth rete at any one value of stirring

velocity.

It is evident from table 29 thet the maximum
rate of tip deposition is generslly equal to or less than
(figure 46) the corresponding single crystel growth rate.
Since these two growth rates were essentially equsl in

a number of the runs, this indicates that dihydrate crystsls
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grow 2t a similar rate whether in & deposit or in the

bulk of the solution. However, the true growth rste of
these crystals would be measured only if they were growing
horizontally and perpendicular to the direction of obser-
vation, and sinc2 only 2 few crystals sppeared to do so,
it might be expected that in some runs the maximum ob-
served growth rete of the crystals would be less than

the growth rates reported in Chapter 3.

In teble 30, the meximum observed tip deposi-
tion rates ot 98° are compared to the growth rates of
stirred single dihydrate crystsls and unstirred single
hemihydrate crystals at the same tempersture and super-
saturation, reported in Chapters 3 and 4. The growth
rates of stirred hemihydrate crystals were found in
Chepter 4 to be initially up to three times the rates
listed here for unstirred crystals.

These results show that the maximum tip deposi-
tion rates were equal to or less than thehemihydrate
single crysual growth retes in the eerly stages of the
run and equal to or less than the dihydrete single crystal
growth rates in the laztter stages of the run. This is in
agreement with tne observed form of the deposit which was
predominantly hemihydraste in the early stages, with di-
hydrete crystals later becoming apparent snd extending

past the hemihydrete crystels. As with the dihydrate ot
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850, the hemihydrate and dihydrate crystels appear to
grow at a similar rete in the deposit as in the bulk of
the solution at 98°, but the observed rate is often a
frection of this rate beczuse of the angle of attachment
of the crystals to the surface.

The cause of the retardation in the growth rate
of the hemihydrate deposit at 980 is somewhat puzzling
since no glass dust could have been present in these ex-
periments. It may be that other impurities having a
similar effect on the growth rste were present in these

solutions.

245 Summary

Explorestory investigetions have been undertaken
into the conditions favouring hemihydrate deposition on
an unheated metal surface. These experiments indicated
that the crystals appear to nucleate in the bulk of the
solution and later become attached at one end to the
metal surfacs. Deposits were heavier on metals with low
corrosion resistance probably because the surface of such
metals was rougher. JAgitetion in the solution was found
to reduce the density of the deposit on the surface,.

s few experiments were also carried out to
investigate, over a limited range of experimental condi-

tions, the form of a calcium sulphete deposit on a heated
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metal surface. In non-boiling solutions, the deposit was
composed of separate crystels radisting outwsards from the
metal surfece, resembling the deposits on unheated metal
surfaces., When evsporation occurred at the surfece, the
crystals were much smaller and the deposit much denser.
Measurements of the rete of denosition of di-
hydrate end hemihydrate on a stirred unheated metal sur-
Tace have been made. Both the dihydrate 2nd hemihydrate
deposits were composed of separate crystals redisting from
the surface, but the latter were much more compect. The
maximum rates measured at various points on the deposits
approached the corresponding growth rates of single crys-
tals in the bulk of the solution reported in previous
chapters, indicating that the crystals grow at a similar
rate in the two cases. The average deposition rate, how-
ever, was less since the majority of the crystals did not
grow perpendicular to the surfzce and to the direction of
observation. 4 retardetion in the growth rate of stirred
hemihydrate crystals was also observed ir these experiments.
Examination of the large crystals in the dihy-
drate deposits formed on an unhesated metal surface showed
that very smell dihydrate crystels were attached to the
surface, suggesting that nucleation was taking place during

growth of the deposit.
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CHAPTER 6
THE FORMATION OF CALCIUM SULPHATE

DEPOSITS ON CRYSTAL SURFACES

6.1 Introduction

The evidence so far indicestes that the mechanism
of calcium sulphete deposition on an unhested surface
involves all three of the steps outlined in section 5.1
namely, the initial formation of crystal nuclei, the growth
of there nuclei, and the formation and growth of further
crystal nuclei. The existence of the third step was in-
dicated by the results of section 5.4 where it was found
that in deposits of dihydrete on an unheated metsal sur-
face, very smsall dihydrate crystals were attached to the
surfsce of quite large dihydreate crystals.

The first two steps of the mechanism have been
investigated in previous chapters. In this chapter, an
investigation of the third step is reported. The experi-
ments described below were carried out to determine the
effect of vorious fectors on further nucleation and to
determine whether this nucleation takes place directly
on the deposit or in the bulk of the solution followed

by ettachment of the crystal nuclei to the deposit.
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THE ANGLE B BETWEEN DIHYDRATE CAYSTALS
AND PARENT DIHYDRATE CRYSTALS
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6.2 Examination of the Dihydrate Deposits Formed

on Stirred Unheated Metal Surfaces

EXPERIMENT AL

The first part of this investigstion was a
microscopic examination of some of the dihydrate deposits
produced in the runs reported in sectiorn 5.4. Seversal of
the large crystals (or perent crystals) radiating outwerds
from the base of th:s deposit were mounted on gless rods
for eazcier manipulation, and the dihydrete crystsls on
their surfeces were observed from all directions at 150x
magnification. Messurements were made of the acute angle
© between the (010) plane of the perent crystsl and the
¢ axis of the small crystals projected on the (100) plane
of the parent crystal. (The angle 2 is shown in the
second photograph of figure 45)

RESULTS

The results of these measurements are listed
in table 31 end illustrasted in figure 47. It is evident
that the crystsls tend to point primerily outwards from
ths perent crystal surfece, but no single preferred
orientation on the parent crystal is apparent. This ten-
dency was noted when the crystals were observed from any

direction.



142.

TUBES USED IN DEPOSITION ON CRYSTAL SURFACE RUNS

FIGURE 48
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6.3 Nucleation of Dihydrate Crystals in the Presence

of an Unstirred Dihydrete Seed Crystal

In the experiments reported in this section,
8 dihydreste seed crystal waé immersed in a supersatureted
calcium sulphate solution in which dihydrate crvstals
later nucleated. The seed crystal wss rot stirred during
the experiment in order thet the surface of the crystal
and the surrounding solution could be more readily ob-
served.

EXPERIMENTAL

Dihydrate seed crystels which were free of any
visible surface crystels were fixed on glass rods with
Arsldite adhesive, with the ¢ direction of the crystsl
parallel to the length of the rod. Relatively large
seed crystels, up to seversl mm. in length, were chosen
so that a reasonable surface area could be observed.

A number of glass tubes of two types, E and F
(see figure 48), were prepared for use in these experi-
ments. In ¥ tubes, which were a minor modificstion of E
tubes, any crystals which formed on the solution surfasce
were prevented from settling into the solution by a
button on the crystal support rod which rested on the
ground glass joint. Since the tubes were each used seve-
ral times, they were thoroughly cleaned before each expe-
riment using the procedure outlined in section 2.6 for

D tubes.
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At the start of each experiment, the tube was
filled with filtered (porosity 4 sintered glass filter)
distilled waeter. The seed crystal was immersed in the
weter at room temperature for 2 period of from 10 to 35
minutes and the surfsce was dissolved to remove any tiny
dihydrate crystals present. Measurcments mede under these
conditions indiceted that the dissolution rete wes about
5 X 10~0cm.sec™! so that from 0.003 to 0.010 cm. was dis-
solved from the seed crystal surface.

4 celcium sulphate solution was prepered by
mixing equal volumes of equimolar solutions of calcium
chloride and sodium sulphete. The solution was added
through 2 sintered gless filter (porosity 4) to the solu-
tion addition arm of the tube, displecing the distilled
water t hrough the overflow arm.

Analysis of the solution remaining in the tube
showed it to have an identical concentretion to thet of
the solution added. The tube was then placed in the con-
stent tempeiature beth and observetion with a travelling
mizroscope was begun. The experiments were all carried
out at 8500 with solution concentrations in the range,
19.0 to 24.0 millimoles per litre.

RESULTS
Dihydrate crystals nuclested in all of these

experiments and were first observed in the bulk of the
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solution in numbers ranging from very few in the solutions
at 19.0 millimoles per litre to very many in the 24.0
millimoles per litre solutions. Crystels were generally
not observed on the surfece of the seed ecrystal 2t the
lower supersaturetions, but as the supersaturetion in-
creased, greater numbers of crystels could be seen attached
et one end to the seed crystel surface. The time at which
che first crystel was observed on the surfece decreased
with incressing supersaturation end is listed for these
experiments in teble 32.

Crystals were occesionally observed in the act
of settling from the solution onto the seed crystel sur-
face. Some were loosely held and vibretion of the support
rod wes sufficient to dislodge them. Others seemed to
be more tightly held, possibly beceuse of subsequent
growth of either or both the seed crystcl end the attached
crystal.

The eppearance of the deposit on the seed crys-
tel surfece was similer to thet illustreted in figure 45.
Agein, es found in section 6.2, the crystals eppeared to
take up no particuler orientetion with respect to the
seed crystal. Firequently, greater numbers of crystals
were piled up in sheltered areess around the seed crystel
eand on the Areldite mounting, the surface of which wes

somewhat rougher than thet of the seed crystal.,
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These results seem to indicate that nucleation
takes plece in the bulk of the solution and some of the
crystals later become sttached to the surface of the seed

crystel.

6.4 The Effect of the Number of Crvstals in the

Solution on the Deposit Density on Crystel Surfeces

If nucleation occurs in the bulk of the solu-
tion end some of the crystels leter become etteched to
the seed crystal surface, then it should be possible to
control the number of crystels on the seed crystel sur-
face simply by controlling the number of crystals present
in the solution. To test this hypothesis, three types
of experiuents were cerried out, end these are described

in the following sections.

6.4.1 The Effect of the Addition of Barium Ion on

Nucleetion in the Solution

In these experiments, o smell amount of barium
ion was edded to some of the calcium sulphete solutions,
to remove in the barium sulphete precipitete any foreign
metheriels present which could act es nucleation centres
for celcium sulphate.

EXPERIMENTAL

Supersaturated celcium sulphete solutions were

prepered by mixing equal volumes of equimolar calcium
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chloride and sodium sulphate solutions. Equal volumes
of the solution were filtered into two test tubes, and
to one of these solutions a small volume of barium chlo-
ride solution was added giving a berium ion concentration
of about 0.6 millimoles per litre (the sulphate ion -
removed by this precipitation was very small compared to
the totel concentration). Both solutions were then cen-
trifuged for 10 to 30 minutes at about 2000 rpm. to
remove the barium sulphate from the solution. Glass
rods with or without dihydrate sesed crystals were inserted
and the tubes were placed in the constant temperature
bath at 85°. Observetion was then begun with a travelling
microscope.

There was no apparent effect when berium ion
was added to these solucions. The dihydrete crystals
were first observed in the bulk of the solution 2s before,
and the number of crystals deposited on glass or seed
crystal surfaces was st least as great in the solution
with added barium ion as in the solution without. 1In
table 33, the time at which the first crystal was observed
on the surface is listed for these experiments. Here
again, there was no significant effect due to the presence
of berium ion,

These results appear to suggest that either the
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method used was ineffective in removing all of the foreign
perticles from the solution or the nuclection of calcium

sulphate is not dependent on t heir presence.

6.4.2 The Effect of the Volume of Solution in Contact

with the Seed Crystal

In many of the previous experiments, it was
observed that the smaller dihydreote crystals in the solu-
tion were carried about by convection currents for quite
some time before settling to the bottom of the vessel.

In this section, experiments sre described in which the
effect of restricting convection, and hence the access
of these crystals to the seed crystal, was investigated,

EXPERIMENTAL

For these experiments, glass tubes of three

types were used: G, H (illustrated in figure 48) and

J (simple 3.2 cm. diameter test tube). In the J tubes
and the enlarged sections (1.2 cm. dia.) of the G and H
tubes, convection was not restricted but in the capillary
sections (0.2 cm. dia.) of the latter two types of tubes,
movement of crystals in the solution was observed to be
very slight. Type H tubes, which were used for the majo-
rity of these experiments, hed the principal advantage
that seed crystals could be immersed simulteneously in
the enlarged and capillary sections, es shown in figure

48,
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The calcium sulphate solutions were prepered as
before by mixing equal volumes of equimoler solutions of
calcium chloride and sodium sulphate at room tempersture.
The solution, having a concentration in the range 18.5 -
25.0 millimoles per litre, was then added to the tube
through a porosity 4 filter.

Seed crystals of dihydrete, hemihydrate and
celcite, fixed on glass rods with Areldite edhesive, were
used in these experiments. The dihydrete crystals were
surfece-dissolved before the run. Calcite crystals were
prepared by cleaving clear pieces of Iceland Spar along
the (100) plene. Sced crystzls of hemihydrate and calcite
were used as well as dihydrete in these experiments to
determine if dihydrate deposits could form equally well
on other crystel surfaces.

After inserting the seed crystals into solution,
the tube was placed in the constant temperature beth et e
temperature between 85° and 1000, end the seed crystal
was observed with a travelling microscope. In 2 few ruas,
the growth rates of the dihydrate and heaihydrete seed
crystals in both the enlerged and capillery tubes were
also measured.

RESULTS

The photographs of figures 49 end 50 illustrate

the effect of tube size on the number of dihydrate crys-

tels attached to dihydraste and hemihydrate seed crystels
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in these experiments (the seamc effect was observed with
the calcite seed crystels). The first photogreph in

each figure shows the deposit on a2 seed crystal taken
from en enlarged tube, and the second photograph shows
the deposit on a seed crystal from a czpillary. (In all
cases the seed crystal is the horizontal spike protruding
from the Araldite end glass rod mounting.) It is appearent
that the density of the deposit un the seed crystal is
very much reduced in the capillaries over thet in the
enlarged tubes. While many dihydrate crystals continued
to circulate for some time in t he solutions in the latter
tubes, most of the crystals in the former tubes quickly
settled onto the nearest surface end thus few crystals
had the cpportunity of contacting the seed crystal. It
is 2lso apparent thet the dihydrate crystals can attach
to hemihydrate (and calcite) seed crystels as well as to
dihydrate seed crystals. Dihydrate crystels were also
observed in large numbers on the Araldite mounting
(photograph 1, figure 49) in the enlarged tubes.

In teble 34, the times of observetion of the
first crystel on seed crystals in enlarged and capillary
tubes are compared, and 1t is evident that the times are
generally much shorter in the enlarged tubes. It was
found 2lso that the growth rates of dihydrate and hemi-

liydrate seed crystels were similar in both types of tubes,
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as indiceted by the results listed in teble 35, and hence
the solution superssturation must heve been similar in
the two tubes.

Since restricting the approach of crystals to
the seed crystal surfsce has been shown to reduce the
number of crystals attached, nucleation must be occurring,
to some extent st least, in the bulk of the solution with
some of the crystals subsequently attaching to the seed
crystal surfece. Also, since it was possible in some
runs to entirely prevent deposition in this way, this
appears to be the sole mechanism of formetion of crystals
on seed crystal surfeces under these conditions. If the
crystels were nucleating directly on the seed crystsl
surface, such a large and consistent difference between
the number of crystels attached to seed crystels in capil-
lary end enlarged tubes would not be expected for solu-

tions of the same supersaturation.

Since dihydrete crystals attached not only to
dihydrate secea crystals but elso to hemihydrete and cal-
cite seed crystels, to the Araldite mounting and even to
the glass rod, it appears that attachment to any suiteble
surface can occur irrespective of whether that surface
is growing or not. Whatever the surface, attaschment
would be faciliteted by the growth of the sttached crystsl

into the irregularities of the surface, and it has been



observed that the fast-growing end of the crystal is
often the point of attachment of the crystal to the sur-

face,

6olp.3 The Effeci;, of the Addition of Dihydrate Crystals

on the Number of Crystals on the Seed Crystal

In the previous section, the effect of reducing
the number of crystals in the soiution around the seed
crystal was investigated., In this section, experiments
ere described in which dihydrate crystals were added to
the solution in order to increase the number of crystals
in the solution around the seed crystal.

EXPERIMENTAL

The seed crystals used in these experiments
were dihydrate and calcite, mounted es before on glass
rods. In the runs with dihydrate seed crystels, type F
tubes were used and the seed crystal was surfece-dissolved
before the run as outlined in section 6.3. Type J tubes
(simple test tubes) were used for the runs with calcite
sead crystals,

The calcium sulphate solutions were prepered
as described in section 6.4.2 with & concentration ranging
from nearly saturated to 22.0 millimoles per litre. The
tubes, with the solution added and the seed crystal in-

serted, were placed in the constant temperature bath at
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850 or 950 and observed with a travelling microscope.
Several of the seed crystels were stirred in these experi-
ments.

When no crystals were observed on the surface
of the seed crystel after some time, a number of dihydrate
crystals were a2dded as a slurry in & smzll volume of the
solution retsined for this purpose. The size of the added
crystals veried from large (up to 1 mm. long) to small
(prepared by crushing the lerge crystels) and in two
runs, a mixed sample of these two sizes was added. The
effect of this addition on the number of crystals attached
to the seed crystal was observed.
RESULTS

In these experiments, while no crystals were
observed on the seed crystel surfece before addition of
the slurry, crystals were generally observed on the sur-
face after the 2ddition. The larger crystels were found
to be not as effective as the smaller crystels in ettech-
ing to the cced crystal surfece since many settled to
the bottom of the tube shortly after addition, but some
of these larger crystals did become sttached, even to
stirred seed crystels.

In table 36, the time elapsed between the addi-
tion of crystals and the observation of crystels on the

seed crystel surface is listed, end it is apparent that
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this time is generally much shorter than the correspond
ing time when no crystels are added, as indicated in
table 32. For instance, at a supersaturetion of 2.2
millimoles per litre, the first crystasl was observed on
the seed crystal surface between 5 end 50 minutes after
the addition of small crystsls to the solution, whereas
when no crystals were added generally no crystals were
observed on the seed crystal at times ranging from 2 hours
to 64 hours. These results therefore confirm those re-
ported in scction 6.4.2, since in both cases the density
of the crystal deposit on the seed crystal surface is
higher when greater numbers of crystals can come into
contact with the surface, whether the seed crystal is
dihydrate, hemihydrate or calcite. It appears then that
the assumed mechanism of nucleation in the bulk of the

solution followed by attachment to the surface is valid.

6.5 The Effect of Stirring on the Number of

Dihydrate Crystals on a Seed Crystsl Surface

In previous experiments in which unstirred seed
crystals were immersed in supersaturated calcium sulphate
solutions, it has been shown that dihydrete crystals first
nucleate in the bulk of the solution and subsequently
attach to the surface of the seed crystel. Presumably,

the first crystals become atteched 2t some irregularity
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on the surface and once attached, they grow to conform
to this irregularity forming a mechanical interlock with
the surfece. Further crystals could find attachment much
easier since the crystals already attached would present
a very irregular surfece for asttachment. Stirring the
seed crystal should make the initisl asttachment of the
first crystals much more difficult, and the crystals would
have to remain attached under these unfavourable condi-
tions until growth made the attachment to the surface
more secure.
Over the short renge of stirring speeds used

in section 6.4.3, it was found that dihydrate crystals
often atteched to stirred dihydrate or calcite secd crys-
tal surfaces. In this section, experiments are reported
in which the effect on the density of the dihydrate depo-
sit of stirring the seed crystal was more fully investi-
gated.

EXPERIMENTAL

These experiments were generally cerried out
in type J tubes (simple test tubes), but in a few runs
type F tubes (figure 48) were used. The supersaturated
calcium sulphate solutions were prepared as described in
previous sections.

In most of these runs, a seed crystel of dihy-

drete or calcite fixed to a2 glass rod was immersed in the
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solution and stirred at a constant speed. Occesionally,
one or more glass paddles were also attached to the rod
above the seed crystal, to increese further the turbu-
lence in the solution. 1In a few runs, a glass rod without
an attached seed crystal was used. The velocity of the
seed crystal or glass rod was measured 2s described in
section 3.3 and ranged up to 120 cm.sec'l in these experi-
ments.

RESULTS

In these experiments, dihydrete crystals were
observed to be atteched to stirred dihydrate and celcite
seed crystels, although usually in smaller numbers than
vreviously found on unstirred seed crystels under similar
- conditions. Deposits were also observed on the glass rod
and the Araldite mounting. At higher stirring retes,
the deposits were generally lighter and the crystals
tended to lie closer to the surface of the seed crystal.
As before, the crystals did not appeer to have any pre-
ferred orientation on the surface.

The photographs of figure 51 illustrete the
nature of the dihydrete deposits on stirred calcite seed
crystals. (In all three photographs, the smell calcite
crystel is shown protruding vertically ebove the larger
glass-Araldite mounting.) In the first photogra h, the

deposit formed at a low stirring rete is shown. A rather
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heavy deposit is observed on the leading and receding
edges of the crystal and on the Araldite mounting. There
are also a few crystals attached to the glass rod. 1In
the second and third photographs, the deposit formed at
a higher stirring rate is illustrated. Here, the deposit
has piled up mainly on the leading edge of the seed crys-
tal and on one area of the Araldite mounting. This piling
up of crystals was observed over a range of stirring velo-
cities up to 120 cm. per second, and on both types of
seed crystal. The presence of glass paddles on the rod,
however, considerably increased the turbulence in the
solution and the dihydrete deposit was somewhat more
evenly distributed over the surface of the seed crystal,
The time of observation of the first crystal
on the surface of the stirred seed crystal is listed for
these experiments in teble 37, and in figure 52 the time
is plotted against stirring velocity for some of these
experiments. It is apparent that the time tends to in-
crease as the rate of stirring increases, although there
is a great deal of scatter in the results illustrated in
figure 52 as might be expected considering the probable
varistion in the nature of the surface of different seed
crystals, The tendency to longer times with increesing
stirring speeds agrees however with the observation that

Tewer crystals were atteched at the higher stirring rates.



In a few runs, a nearly saturated solution
containing many dihydrate crystals was used. This was
prepared by stirring & moderately supersaturated calcium
sulphate solution for seversl hours with a glass paddle
until a very large number of crystals were present. The
rod with attached seed crystal was then inserted and
stirfed, and it wes found that very few crystals were
attached to the surface of the seed crystal. This sug-
gests that crystals will more readily attach to the seed
crystal if a certain degree of supersaturstion exists
50 that.some sort of mechanical interlock with the sur-
face can be formed by growth of the sttached crystals or
the seed crystal. The fact that any crystals attached
at all in these nearly saturated solutions indicates that
the mechanism of crystals attaching to the seed crystal
is valid since it would be virtually impossible for nucle-
ation to have occurred directly on the surface of the seed

crystal.

6.6 Summary
The formation of calcium sulphate dihydrate

deposits on various crystal surfaces has been investigated
and the mechanism of formsetion indiceted is one of nuclea-
tion in the bulk of the solution followed by attachment

to the surface of the seed crystal.
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In the first part of this investigstion, di-
hydrate deposits from deposition experiments in Chapter
5 were examined. Apart from being directed primarily
outwards from the surface, the dihydrate crystals showed
no preferred orientation with respect to the parent crys-
tal surface,

Experiments were then carried out in which the
formation of dihydrate deposits on unstirred dihydrate
seed crystals immersed in supersaturated calcium sulphate
solutions was observed. The crystals which were first
seen in the bulk of the solution were occasionally ob-
served settling onto the surface of the seed crystal and
the deposits appeared to be heaviest in sheltered areas
and on rcugh surfaces. The time 2t which the first crys-
tals were observed on the seed crystal surface decreased
with increasing supersaturetion.

In o few experiments, barium ion was added to
the solution in an attempt to remove foreign materisls
which might induce nucleation in the bulk of the solut.on,
However, this was not successful in preventing nucleation
and the deposits on seed crystals in these solutions were
2s heavy as those on seed crystals in solutions without
added barium ion.

Experiments were carried out in which the access

of dihydrete crystals from the bulk of the solution to
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the surface of unstirred dihydrate, hemihydrate and cal-
cite seed crystals was restricted. This caused a reduc-
tion in the number of crystals attached to the seed crys-
tal and in some cases entirely prevented deposition, while
in unrestricted conditions the deposit on the seed crystal
was quite considerable. In another set of experiments,
crystals were added to solutions when no crystals were
observed on the seed crystal and within a short period
after the addition, crystals were observed on the seed
crystal surface. The results of these two sets of experi-
ments indicate that nucleation must be occurring in the
bulk of the solution followed by attachment of some of
the crystals to the seed crystal surface.

The effect of stirring the seed crystal has
been shown to be a reduction in the number of crystals
attached to the seed crystal, The number of crystals
attached was also reduced considerably, but not entirely,
when the seed crystal was stirred in a nearly satursted
solution. The fact that a few crystals were attached to
a stirred seed crystal in such a solutioun, however, clearly
indicates that the proposed mechanism of formation applies

under these conditions.
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CHAPTER 7
SUMMARY AND DISCUSSION OF RESULTS

7.1 The Mechanism of Calcium Sulphate Deposition

on an Unheated Surface

The present work has shown that the mechanism
of calcium sulphate deposition on an unhested metal sur-
face is comprised of the following three steps:

(1) The initial formation of crystal nuclei either
directly on the surface or in the bulk of the
solution followed by attachment to the surface,
but probably the latter.

(2) Growth of these crystal nuclei.

(3) Further nucleation in the bulk of the solution

followed vy attechment to the deposit.

In the exploratory studies of deposition on
metal wires, the crystals were first detected in the bulk
of the solution suggesting that this may be the site of
nucleation in the first step. After some time, deposits
composed of separate, needle-like crystals were observed
on the metal surface. In these deposits, the fast-growing
tips of the crystals were directed outwards from the sur-
face, but otherwise the crystals showed no preferred
orientation with respect to the surface. The amount of

the deposit was found to increase as the corrosion
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resistance of the metal decreased, an effect similar to

50 for calcium carbonste scales

that observed by Freeborn
formed on hezted suriaces in boiling tep water. Presum-
ably, metals that sre easily corroded have a rougher sur-
Tace making it easier for crystals to become attached

since treatment of thesz metals to reduce corrosion caused
a reduction in the density of the deposit. It was also
observed that the density of the deposit was reduced in
sgitated soluticuns.

The rate of formation of these initial crystals,
first observed in the bulk of the solution, has been
measured for the dihydrete and hemihydrste and these
results are discussed in section 7.2. The subsequent
rates of growth of single crystals in the bulk of the
solution and massive deposits of crystals on a metal sur-
face have also been measured, and these results are dis-
cussed in section 7.3.

While the deposit is growing, further crystals
nucleate and it has been shown that the site of this nucle-~
ation is the bulk of the solution, with some of the crys-
tals subsequently becoming attached to the deposit. The
form of dihydrete deposits on & seed crystal immersed in
solution is similar to thet described earlier for hemi-
hydrate on metal wires, i.e. the crystals are sttached at

cne end and directed outwards from the surface of the seed
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erystal, but no preferred orientation is appsrent. As
before, deposits are heavier in rough and sheltered areas
on and around the seed crystal, and lighter in agitated
solutions. That the nucleation takes place in the bulk
of the solution and not directly on the surface has been
clearly shown by three sets of experiments. In the first
set, the density of dihydrate deposits on dihydrate,
hemihydrate or calicite seed crystsls was reduced when
access of crystals from the bulk of the solution was
restricted. In the second cet, crystals were added to
the solution and shortly alfterwards some crystals were
observed on the seced crystal surface on which there were
none before the addition. In the third set, crystals were
observed on a stirred seed crystal immersed in a nearly
saturated solution containing many dihydrste crystals.
The process of attachment of crystals to various
surfaces presumsbly involves two steps. In the first,
some of the crystals which come into contact with the
surface are trapped at some surface irregularity. In
the second step, these trapped crystals grow to conform
to the irregularity, forming s mechanicsl interlock which
gives a more secure attachment. It is apparent that for
attachment to occur, the crystals must remsin in contact
with the surface until they are secured by growth. The

ease of attachment depends on such fectors as the smooth-
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ness of the surface, the agitstion of the sclution and
the supersaturetion. Smooth surfaces such as glass would
of fer fewer and less prominent surface irregularities
than would rougher surfaces (such as Areldite), 2nd thus
fewer crystals would be expected to sttach in the former
case., Stirring would also tend to reduce the number of
crystals attached by making it more difficult for crystals
to remain trapped until secured Ly growth. Attechment
would also be more difficult in solutions of lower super-
saturation since 2 longer time would be required for the
trapped crystel to grow into the irregulerity. All of
these effects have been observed in the present work.

It appears therefore thet these deposits build
up by the growth of the crystals glready sttached and the
trepping in the deposit of crystels nuclested in the solu-
tion, with these crystals subsequently growing to parti-
ally fill the voids in the deposit. The orientstion of
the crysteals in the deposit is random and &8s growth pro-
gresses, mechanical interlocks asnd intergrowths are formed
between crystals thus developing cohesicn in the deposit.
(A similar process developing aedhesion of a scale to a
meteal surface has been suggested by FreebornEO.) It is
evident that deposits composed of smaller crystals would
be likely to be more compact, and this wes found with

the hemihydrete deposits in section 5.4, When a large
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number of crystals are present in the solution and the
agitation is good, however, the supersaturation is re-
duced. The deposit does not then build up as quickly
since the trapped crystals are less able to grow and
become a part of the deposit.

Since the presence of crystals in the solution
plays an important part in the deposition of calcium sul-
phate on an unheated surface, any factor which influences
their number could affect the rate of build-up of the
deposit. In the case of sca water brines for instance,
the soluble and insoluble impurities present could induce
or suppress nucleation and hence increase or decrease the
number of crystals in the brine. However, when sea water
is distilled the brine is generally well agitated, and
excess local supersatursation may consequently be rather
low. The probabilitv of nucleation would then be much
reduced, but any crystals present in the solution could
attach to surfaces even in slightly supersaturated brines,
as indicated by the results of section 6.5. In this con-
nection, it is interesting to note that one method used
to reduce scale formation in sea water distillation is to
seed the brine with crystals of the scaling salt. It is
apparent fromt he present results, however, that some of
these crystals could deposit on the surfaces of the equip-
nent even though nucleation may be prevented by the reduc-

tion in supersaturation brought about by seeding.
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The present work has been largely confined to
deposition on unheated surfaces, but the results would
be expected to apply to heated surfaces as well providing
no boiling occurred and the temperature gradient at the
surface was not too large. Since the decrease in solu-
bility with increasing temperature for calcium sulphate
is relatively small especially for the dihydrste, the
corresponding incresse in superssturation in the solution
8t a heated surface could be less than the decrease in
supersaturation due to mass trensfer effects. If the
temperature gradient is large, however, the supersatura-
tion at the surface could be higher than in the bulk of
the solution and in this csse, nucleation might take place
directly on the surtace rather than in the bulk of the
solution. The rate of deposition might then be higher and
the deposits more compact.

The present work has important implications for
the general question of polycrystal formation. There
appear to be two possible ways in which polycrystalline
masses could form: (1) by the nuclestion of crystals
either directly on or adjacent to already existing crys-
tals or (2) by the joining together of separate crystals
which have nucleated independently in the solution. The
first mechanism requires that the existing crystal be

able to induce on or in close proximity to its surface
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- the formation of a new crystal lattice which is in no
way orientated to its own lattice. Such an occurrence
is very difficult to imagine in view of the commonly ac-
cepted theories of crystal growth. In these, the crystal
grows by means of adsorption of molecules at fixed points
on the lattice, the molecules subsequently migrating
from point to point across the surface until the position
with the greatest attractive forces is found. In this
way, the molecules can be incorporated into the existing
cfystal lattice. For a new crystal lattice to form, how-
ever, the molecules would have to be adsorbed in a non-
orientated fashion with respect to the éxisting crystal
lattice, Alternatively, the crystal would need to be
capable, through its attractive forces, of arranging un-
adsorbed molecules in the adjacent solution into a sepa-
rate lattice, this lattice subsequently becoming disori-
entated with respect to the crystal and attaching to its
surface. |

Ci. the other hand, the second mechanism of for-
mation of polycrystals in which separate crystals join
together requires only that the crystals come into con-
tact with each other and remain in contact until attach-
ment is made secure by intergrowth or mechanical interlock
of the crystals. Clearly, this is the case with calcium

sulphate dihydrate crystals which were found to attach
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not only to other dihydrete crystals, but also to hemi-
hydrate and calcite crystais, and to non-growing surfaces
such as Araldite and glass even in stirred solutions where

attachment would be difficult.

7.2 Nucleation of Calcium Sulphate Dihydrate and

Hemihydrate

When supersaturated calcium sulphete solutions
were prepared and allowed to stand at a temperature in
the range, 70° - llOOC, the crystals of dihydrate or
hemihydrate which nucleated were usually seen first in
the bulk of the solution. 4n estimate of the rate of
formation of thess crystals has been made by measuring
the induci¢ion time, the time elapsed when the first crys-
tal was observed. In unstirred simple calcium sulphate
solutions, the induction time for the hemihydrate was
found to be shorter than that for the dihydrate in solu-
tions of similar supersaturations. In unstirred mixed
calcium chloride and sodium sulphate solutions, the induc-
tion time for the hemihydraste was shorter still. One of
the possible reasons for this reduction is the presence
of sodium chloride in the mixed solutions. (If this is
the cause, the induction times in sea water brines in
which the concentration of sodium chloride is relatively

high could be considerably shorter than those messured in
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the present work.) Stirring the solution was also ob-
served to reduce the induction time. These results
appear to be one of the few sets of data available at
the temperatures of interest in sea water distillstion.

The induction time is composed of two parts:
the time for crystals to nucleate and the time for these
crystals to grow to a visible size. Although the growth
rates of dihydrate and hemihydrate crystals have been
measured, it is not possible to calculate the nucleation
time by subtracting the growth time from the induction
time, for two reasons. Firstly, the size of the crystals
when they were first detected can be only very roughly
estimated. Secondly, the growth rate of these very tiny
crystals can again be only very roughly estimeted since
because of mass transfer effects the growth rate is af-
fected by the size of the crystal. Even though the actual
rete of nucleation is not available, the results are
likely to be of practical use as they indicate the rate
of formation of crystals of a detectable size, albeit an
arvitrary one.

is mentioned previously, this rate would very
likely be different in sea water brines because of the
many other constituents present, but the present results
would probably provide a conservative estimate of that

rate,
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7.3 Growth of Calcium Sulphate Dihydrate and

Hemihydrate

The rate of growth of single dihydrate and hemi-
hydrete crystals in the bulk of the solution and massive
deposits of these crystsls on an unheated surface has,
been measured. Single dihydrate crystals in mixed calcium
chloride and sodium sulphate solutions between 70O and
98° have growth rates approximetely proportional to the
second power of the supersaturation. A significant in-
crease in growth rate was obteined for stirred dihydrate
crystels, particularly at the higher temperatures, indi-
cating theat the growth rate is at least partly controlled
by thé rate of mass transfer. This is supported by the
fact that the growth rate of unstirred crystals is depen-
dent on the size of the crystal, and the value of this
rate agrees reasonably well with that predicted for con-
ditions of complete mass transfer control. The dihydrate
crystals were needle~like and became more so with increasing
supersaturatzon. However, the formation of needle-like
crystals cannot be attributed to mass transfer limitations
since stirred crystals were even longer and thinner.

There are a few references in the literature to
measurements of the rate of decresse in concentration of
supersaturated calcium sulphate solutions as dihydrete

crystals nucleated and grew (these are discussed later).
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In what appears to be the only reference to the direct
measurement of the growth rates of specific faces of the

51 has quoted values obtained by

dihydrate crystal, Dunn
Askey and Bunn in dilute slurries of anhydrite, presumably
et room temperature. These are shown in the following
table along with selected values from the present work.
For purposes of comparison, three runs were carried out

by the author at 25° in which the unstirred growth rate

R, was measured in mixed calcium chloride and sodium sul-
phate solutions at a supersaturation of 5.1 millimoles

per litre, and the average of the three growth rates ob-

toained is included in the table.

Source Ac Stirring Ry x 106 R, x 100 RZ/Rl
nillimoles velocity
per litre cm/sec em/sec om/ sec

Askey

and ~ 5% ? 0.6 0.06 0.1

Sunn

Present o

Work 25 5.1 0 0.5 - -
70° 5.0 0 2.7 - -
70° 5.0 »15 15.6 -- --
85° 5.0 0 3.9 0.4 0.1
98° 5.0 0 6.7 0.4 0.06

* Assuming solution is at 250 and saturated with respect

to anhydrite
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It is appsrent that the values of Rl’ R2 and
RZ/Rl are of the same order of magnitude 2s those found
in the present work.

Other studies have been madelé-18 in which the
rate of decrease of concentration in a supersaturated
calcium sulphate solution was measured as many dihydrate
crystals nucleated and grew. Schierholtz16 concluded
that the growth rate at 25° was dependent on supersatura-
tion to the first power, whereas Moriysms and Utsunomiya17
and Sugimoto et al.18 found it to be dependent on the
second power of supersaturstion in the temperature range,
20° - 60°C. The growth rate constant from one of these
studies17 is compared below to those found for the di-
hydrate ac 70O in the present work. The value obtained
by Moriyama and Utsunomiya can be considered as only &n
estimate of kr since these authors did rnot very the rate
of stirring of the slurry in their investigstion. Also
included in the table are the growth rate constants at
250 of some sparingly soluble salts, obtained by Reichsz.
These constants were also obtained by measuring the rate
of decrease of solution concentration when a slurry of
crystals was stirred at a single rate. The value of kr
was calculated from the growth rate at low supersatura-

tions where the rate was assumed to be surface resction

controlled, and the value of km from the growth rate at
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high superssaturstions where the rate was assumed to be

mass transfer controlled.

In all cases, the constants

in the following table were celculated from an equation

of the type:

st 2 -2 "'l
Rate = km(c - ci) = kr(ci - ¢%)* moles.cm ~.sec
with (¢ - ci) and (ci - ¢*%) in moles.cm™3
AUTHOR CRYSTAL SOLUBIL1TY K kr
-1
mol 7 cm 2 th x 10
om x 10 sec * 10 mol.sec
Moriyama
and CaS0, .RH. .0 ~ 180 - 21.0%
Utsunomiye L 2
Present CaS0, .RH O ~2180 1.7 - 8.0 1400 sk
Work 4 2
Reich MgCZOh.ZHZO 34.0 0.01 0.03
17 -
CaCZOh.HZO 0.6 1900
1
! SrCZOh.HQO 3.8 1.3 1800
[}
BaCZOh.ZHZO L.9 3.0 1400
i T1Br 20.3 3.0 60,000

% This value, which corresponds to growth of the crystal

in 3 dimensions, was extrapolated to 70°C for comparison

to the present work.

%% When averaged for growth in 3 dimensions,

k x 10°
r

1

~ 38
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The values of k., except for that of MgC 2H50,

204'
are seen to be in quite good agreement. This is not at
all an unexpected result since the diffusion coefficient
for similar salts is generally of the same order of magni-
tude, and hence the rate of mess transfer would be rather
similar for these salts.

The values of kr for these salts show somewhat
greater variation. However, the value for the dihydrate
obtained by Moriyama and Utsunomiya is similar to the
value for the dihydrate from the present work, when the
latter is averaged for growth in 3 dimensions. The values
of kr obtained by Reich for the sparingly soluble salts
also correspond to growth in 3 dimensions, but these are
evidently considerably higher than the corresponding
values for the dihydrate. The sbnormally low value for
Mg02 L 2H O may be due to the method used to evaluate L
Reich assumed thet at low supersaturations, the grewth
rate was largely surface reaction controlled but since
the value of k. is also rather low for this salt, mass
transfer effects may not heve been entirely elimineted
in this case.

It is apparent that the value of km is generally
very much less than that of k., for these salts. This in-
dicates that except at extremely low supersaturations,

the rate of mass transfer will largely control the growth
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rate (see equation 23). Indeed, this was found to be the
case for the dihydrete in the present work. The value of
k, for the dihydrate shown in the sbove table corresponds
to unstirred growth, and this was found to be very much
controlled by the rate of mass transfer.

The present work appears to bhe the first to
provide data on the growth rate of the dihydrate as a
function of supersaturation and solution velocity. Also,
the temperature range ’70O - 98°% is higher than that of
previous investigations and in the range of interest for
sea water distillation.

The growth rate of single hemihydrate crystals
in the bulk of the solution has been measured in mixed
calcium chloride and sodium sulphste solutions at 980.
The growth rate of unstirred crystals was found to be
dependent on the supersaturstion to the power 1.3 and was

higher than the unstirred dihydrate growth rate R. at 98°,

1
Differences in seed crystal sizes in the two ceses however
does not allcw & direct comparison of the rates. The
growth rate of stirred hemihydrete crystals was found to
decrease with time and in many ceses was reduced to zero.
The cause of this decrease in growth rate appears to be
connected with the presence of glass dust in the solution

since it was shown that visible deposits of dust on the

tip of the crystal could inhibit growth. Dihydrate crystals
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immersed simultaneously in the same solution continued to
grow when stirred indicating thet the dihydrate was not
similarly affected by glass dust and also that the decrease
in hemihydrate growth rate was not the result of any change
in solution supersaturstion. Power and FabussBO have
reported thet the hemihydrete is stable in solution at
100°C after 48 hours and therefore transformation to
gnother form of celcium sulphate cannot be occurring.

When the formation of glass dust was prevented in these
experiments, stirred hemihycdrate crystals appeared to grow
at a constant rete., Apart from the growth stoppage, the
growth rate of stirred hemihydrate crystals appesared to
increase somewhat with stirring suggesting that the growth
rate may be to some extent controlled by the rate of mass
transfer.

The only reference in the literature to the
measurement of the growth rate of hemihydrate crystals
appears to be that of reference 41. In this, the growth
rate of an uustirred hemihydrate crystal transforming from
a dihydrate crystal in distilled water ac 134°C is reported
to be 8 x 107 cm.sec-l. This is the same order of mag-~
nitude as the present results at 98° in which rates of up
to 13.3 x 1072 cm.sec™1 were measured for solution super-
saturations up to 7.8 millimoles per litre. Thus the

present work appears to be the first to provide datas on
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the growth rete of hemihydrate crystals as a function of
supersaturetion and solution velocity.

The growth rate of single dihydrate and hemi-
hydrate crystals in the bulk of 1 M NaCl solutions has
also been measured in a few runs. These rates were of
the same order of magnitude as the corresponding growth
rates in mixed solutions at the same supersaturstion.

It will be observed that in the present work
much attention has been devoted to a study of the effect
of controlled levels of stirring on the growth rate of
single crystals. Such a study has a distinct advantage
over the more commonly used method of measuring the change
in solution concentration in a stirred slurry of crystals,
in that the solution velocity at the growing crystal face
can be measured and controlled, and hence its effect on
the growth rate can be obtained directly. In the present
work for instance, it was possible to show that the fast-
growing edge of the dihydrate crystal reached a constant
maximum growth rate only at very low supersaturations and
high rates of stirring. Under these conditions, the con-
centration at the crystal-solution interface of the ob-
served crystal approached that in the bulk of the solution
and the effects of mass transfer were virtually eliminated.
fi measure of the true surfece reaction raste was then ob-

teined and for the dihydrate, this rate was shown to be
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appro#imately proportional to the second power of the
supersaturation. At higher supersaturstions and/or lower
rates of stirring, the rate of mass transfer had a signi-
ficant influence on the growth rate.

The rate of growth of massive deposite of di-
hydrate and hemihydrate on stirred unheated metal surfaces
has been measured and the deposition rate has been shown
to be related to the corresponding single crystal growth
rate in the bulk of the solution. Individual crystals in
the deposit appear to grow at the same rate as in the bulk
of the solution for solutions of the same supersaturation,
but the observed rete of incresse in thickness of the
deposit is often a fraction of this rate because of the
angle of attechment of the crystel to the surface.

The present work appears to be the first in
which the rate of build-up of calcium sulphate deposits
or. unheated metal surfaces has been measured as a function
of supersaturation. There are a few references in the
1iterature7’13’53 to measurements of the deposition rate
of calcium sulphate scale on a heated surface, and a sum-
mary of the results is compared below to the present

results.,
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REFERENCE T%MP. HYDRATE DURATION DEPOSITION RATE
C OF RUN -1
(hours) cm.sec ~x 10
7 100-130 hemihydrate L8 0.7 - 2,5
13 100 dihydrate L0 0.5
53 L5 dihydrate up to 20 0.2 - 1.4
Present 85 dihydrate up to 80 0.1 - 3.0
Work
08 hemihydrate - 0 - 25,2

The deposition rates in the first two references
(7, 13) were calculated by weighing or measuring the thick-
ness of the deposit at the end of the run, while that in
the third reference (53) was calculated from measurements
of the decrease in heat transfer coefficient as the scale
deposited. In the case of the first two references, no
mention of the solution concentration was made. The form
of the dihydrate and hemihydrate deposits on thess heated
surfaces in the absence of boiling was similar to that
described for unheated surfaces in the present work.

It is apparent that these deposition rates are
of the same order of magnitude as those in the present
work. However, all of tnese studies were carried out on
deposits on heated surfaces where both the temperature
and the concentration of the solution at the growing

surface wvaried during the run, and the supersaturetion
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could at best be known only very approximately. The pres-
ent work was carried out under isothermal and controlled
stirring conditions so that the superssturation at the
growing surface could be more readily determined, and

the measured deposition rates could be related to the

growth rates of single crystals.,
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APPENDIX 1

EXPERIMENTAL RESULTS

TABLE 1

EFFECT OF TEMPERATURE AND SUPERSATURATION ON THE RELATIVE
ApOUNTS OF DINYDRATE AND HEMTIHYDRATE

Run Solution Sylution Sampling Percent
concentration temerature time hemihydrate
millimoles/1. % minutes

(a) Type A tubes

500 24,0 85,0 50

502 24,0 85,0 50

505 24,0 91.9 30

501 240 98,0 25 33
503 24,0 98.0 25 6
504 24,0 100.1 20 33
534. 25,0 98,9 12 100
535 25,0 98.9 25 100
556 25.0 98,9 11 10
537 25.0 98,9 17 100
543 50.0 75.0 10 50
544 50,0 98.9 15 50

(b) Type B tutes

545 20,0 8005 40 0
546 20,0 80.5 45 -
555 20.0 85.2 16 0
547 20.0 98.9 7 100
548 20,0 98.9 18 100
518 25,0 52,0 65 J
555 25.0 52.0 195 0

* No crystals found.
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‘TABLE 1 (continued)

Run Solutien Solution Sampling Percent
concentration temperature tine henihydrate
millimoles/1. °c minutes

531 25.0 75,0 35 0]

532 25.0 75.0 75 0

529 25.0 804 30 50

530 28,0 80,4 35 50

521 25.0 85.8 25 99

522 25.0 85.8 20 100

523 25,0 85,8 20 100

524 25,0 85,8 30 50

519 25.0 89.6 45 100

520 25,0 89,6 25 100

512 25,0 91.5 25 99

514 25,0 91.3 25 99

516 25.0 98,3 15 100

517 25.0 95,3 25 100

513 25,0 100.1 35 100

515 25.0 100.1 8 100

526 50.0 52,0 30 0

542 50,0 52,0 70 0

551 50,0 6045 11

552 50,0 6045 16 0]

549 50.0 70.0 7 920

550 5040 70.0 10 50

540 50.0 75.0 20 50

541, 50.0 75.0 30 90

538 50.0 80.4 12 10

539 50,0 80,4 20 90

527 50.0 85,8 7 100

528 50.0 85,8 10 100

525 50.0 89.6 20 100
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TABLE 2

INDUCTION TIiiES IN C TUBSES

Run  Solution Bath Super- Intuotion 7 log

concen- tempera- saturatiox  time q)I ‘;5{1;;552

tration ture S seconds

millimoles/1. _ °C
86 12.5 107.8 (1.28) 600 22.9 2.78
85 12.3 109.0 (1.26) 600 18,5 2.78
80 16.0 98.5 (1.55) 240 11.7 2.38
79 16,0 99,0 (1.36) 420 10.7 2,62
78 16,0 100.0 (1.58) 120 9.5 2.08
77 16.0 101.8 (1.45) 90 8.0 1.95
76 16,0 105,5 (1.54) 60 5.5 1.78
75 16.0 105.8 (1.57) 60 4,7 1.78
84 16,0 107.2 (1.58) 65 4.5 1.81
83 16.0 108,0 (1.60) 75 4.4 1.88
82 16.0 109,0 (1.63) 75 4,0 1.88
81 16.0 109.5 (1.65) 50 5.7 1,70
94 16.9 92.3 1.36 270 11.2 2,43
95 16,9 95.7 1.39 190 9.9 2.28
92 16.9 98,5 (1.41) 120 8.7 2,08
o1 16,9 100.9 (1.49) 100 6.4 2.00
90 16,9 102.8 (1.54) 80 5.2 €0
89 16,9 104.0 (1.58) 120 4.7 2.08
88 16,9 106.5 (1.64) 60 4.0 1.78
87 16,9 107.3 (1.67) 50 3.6 1,70
49 18,6 83.6 1,45 550 9.2 2,52
48 18,6 86.0 1.46 330 8.3 2,52
47 18.6 87.2 1,46 330 8.1 2,52
51. 18.6 88,0 1,47 210 7.8 2,52
50 18,6 88,8 1.48 165 7.5 2,22

*Bracl-et denotes hemihydrate,
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TADLE 2 (continued)

Run  Solution Beth Super- Induction .7 logQ

concen~ tempera- saturation time 4) I T5( 1ogS) 2

tration ture ) seconds

millinoles/I,  °C
46 18.6 89.0 1.48 240 7.4 2.58
45 18,6 90.1 1.48 240 7.4 2.38
58 18.6 90,7 1,49 75 7.0 1,88
54 18.6 90.7 1.49 75 7.0 1.88
52 18.6 94,2 1.51 90 6.3 1,96
44 18.6 98.5 (1.56) 75 5.4 1.88
74 19.2 85.1 1.49 195 7.3 2.29
73 19.2 88,1 1.51 165 6.7 2.22
72 19.2 90,4 1,54 100 3.0 2.00
71 19.2 95.5 1.56 75 5.5 1.88
70 19.2 95.5 1.57 70 5.2 1.85
69 19.2 98.5 (1.61) 65 4,5 1.81
68 19,2 100,0 (1.66) 55 4,0 1.74
67 19.2 102.0 (1.72) 50 3.4 1,70
66 19.2 105.8 (1.78) 45 3.0 1.65
65 19.8 78.1 1.48 530 8.1 2,52
64 19.8 80.0 1.650 225 7.3 2,35
63 19.8 84,3 1.54 150 6.3 2.18
62 19.8 88.6 1.56 120 5.7 208
61 19.8 90.9 1,59 95 5.2 1,98
60 19.8 92,6 1.60 105 5.0 2,02
59 19.8 94.9 1.62 60 4,5 1,78
58 19.8 96.7 164 45 4.4 1.65
57 19.8 98.7 (1.68) 40 5.6 1.60
56 19,8 101.1 (1.75) 35 5.3 1..54

55 19,8 © 103.1 (1.78) 30 2,9 1.48



189,

TABLE 5
THDUCLION TIM:S I A TUBES

Run  Solution Bath. Super—:k Inducticen 10'7 log d)I

concen- tempera~  saturation time ¢ ’l‘5(logS)2

tration ture 3 seconds

millimoles/1. °c
156 12.5 109.7 (1.29) 1140 15.1 5.06
160 14.53 102,0 (1.29) 1800 15,2 3,26
159 14,3 103.5 (1.32) 1140 11.8 3,06
158 14,3 104.5 (1.35) 1000 11.53 3.00
157 14.53 105.5 (1.38) 425 10.0 2,70
129 15.8 100,2 (1.87) 660 10.5 2.82
128 15,8 100,2 (1.37) 650 10.5 2.80
127 15.8 101.5 (1.41) 480 8.3 2,68
126 15,8 102,1 (1.42) 420 8,2 2.62
125 15.8 103.9 (1.48) 240 643 2,38
110 16.8 99.8 (1.45) 550 7,3 2.52
108 16,8 105,6 (1.62) 155 4.9 2.15
109 16.8 105.7 (1.62) 120 4.2 2,08
144 17.5 92,7 1.41 900 9.1 2,95
145 17.5 92.7 1.41 1080 9.1 5,03
142 17.5 94,2 1,42 900 8.6 2.95
145 17.5 94,2 1042 780 8.6 2,89
117 17.8 99,3 (1.52) 285 5.9 2.46
116 17.8 101.0 (1.57) 225 5.0 2,35
115 17.8 103,0 (1.63) 140 4.2 2.15
114 17.8 104,6 (1.68) 90 3.6 1.95
113 17.8 107.2 (1.76) 90 3.0 1.95
111 1703 107.9 (1.78) 60 2,9 1.78
112 17.8 108.5 (1.80) 65 2.7 1.81

%
Bracket denotes hemihydrate.,
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TABLE 5 (continued)

Run  Solution Bath Super~ Induction 10'7 log {?I
concen- tempera~ saturation  time ¢\ T ‘1‘5(10 &5) 2
tration ture S seconds
millimoles/1.  °C
101 18.3 100.0 (1.58) 180 4,8 2426
102 18.3 100.,0 (1.58) 210 4.8 2052
103 18.5 105.1 (1.74) 75 5.2 1.88
104 18,3 105.1 (1e74) 90 342 1,95
105 18.3 105,1 (1.74) 90 5.2 1.95
107 18.5 92.0 1,49 1000 6.8 300
106 18,5 94,8 1,52 390 6ol 2,59
100 19.0 90.0 1.51 210 6.5 2,52
99 19.0 94,9 1.56 150 5.4 2.18
08 19,0 99.9 (1.64) 110 4.1 2,04
97 19.0 99.9 (1.64) 110 4.1 2.04
96 19.0 1048 (1.80) 80 2.9 1.90
95 19.0 104.9 (1.80) 70 2.9 1.85
144 21.5 77,5 1.60 1000 5.5 3,00
140 215 78453 1,60 840 5eb 2.95
159 21,5 79.6 1,62 600 5.2 2.78
138 23,5 77.1 1.74 420 4.0 2.62
157 23.5 79,7 1.75 300 5.8 2,48
136 25,5 8L.5 1.78 270 3.6 245
155 25,3 6.0 1,82 150 3.2 2,18
134 235 86,0 1.82 180 3.2 2.26
133 23.8 87.9 1.87 120 2.9 2.08
152 25,8 97,2 1.97 60 2.3 1.78
151 25,8 98,4 (2.00) 65 2.2 1.81
130 25.8 99.7 (2.05) 62.5 2.0 1.80

124 24,0 88.1 1.89 115 2.8 2.06
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Run  Solution Bath Supexn— Induction 107 log q;I

concen- tempera~  saturation tine C;{D 1 m) 2

tration ture S seconds

millimoies/%.  °C
125 24,0 91.2 1,92 100 2.6 2.00
122 24,0 94,8 1,97 65 2.8 1.81
121 24-,0 96 .4 1,98 65 2.2 1.81
120 24,0 99,5 \4.03) 55 2,0 1.74
119 24,0 101.9 (2.15) 50 1.7 1,70
118 24,0 105.8 (2.23) 45 1.6 1.65
155 25.5 70.0 1.82 450 3.7 2.65
154 25,5 70.7 1.82 420 5.7 2,62
153 25.5 71.8 1,85 300 5.5 2.48
152 25.4- 743 1.87 225 5.2 2,35
151 25 .4 76.2 1,88 200 3.1 2,50
150 25.4 79.2 1,91 180 2,9 2.26
147 50.0 82,5 2.29 90 1.7 1.95
146 50,0 85.4 2.52 80 1.6 1.90
148 50,0 90,5 2440 40 1.5 1.60
149 30.0 94.0 2,44 45 1.5 1,65
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TADLE 4

EX3

A TUBES WITH

192,

HEAT-UP CORRECTION

Run Solution Average Yo 7 ~7 log Q) T
concentration solution / __ngl____a /
millimoles/1, temperature L. T(10g8)"_/ Ave.

— — OC

129 15.8 (98.9) 27.5 2.82

128 15.8 (98.8) 28,0 2.80

127 15,8 (99,7) 51,7 2.68

126 15,8 (100.0) 53,2 2.62

125 15.8 (100.1) 45.3 2,38

110 16.8 97.2 15,0 2.52

108 16.8 (98.7) 15,6 2.13

109 16,8 (98.0) 16,9 2,08

144 17.5 91.8 9.9 2,95

145 17.5 92.0 9.8 5,03

142 17.5 95.53 9.5 2,95

143 17,5 93.2 9.6 2.89

117 17.8 96.3 8.8 2.46

116 17.8 97.1 8.8 2,35

115 17,8 96.6 9.5 2.15

114 17.8 94,4 11,3 1,95

115 17.8 96.7 10,5 1,95

111 17.8 92,1 13,5 1.78

112 17.8 95.8 12.6 1.81

101 18.3 95,2 8.1 2.26

102 18.53 95.9 7.8 2.32

103 18.5 92.8 10.1 1,88

%
Bracket denotes hemihydrate,
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Run Solution Average - logd
concentration solutiomn //—-3%(?7———5 7 s
millimoles/ T, temperature L. T(20g8)"_/ Ave.

- OC

104 18.3 94,9 9.1 1.95

105 18,8 04,9 9.1 1,95

107 18.5 91,2 70 3,00

106 18.5 92.7 7.3 2.59

100 19.0 86.4: 8.1 2.32

99 19.0 89,5 77 2,18
o8 19.0 92.0 7,9 2.04
o7 19,0 92.0 769 2.04
06 19.0 05,9 7,6 1.90
95 19,0 91.8 S5) 1,85

141 21.5 76,7 5.8 5.00

140 21,5 7705 5.5 2,93

159 21.5 7845 5.4 2.78

158 23,3 75.6 4.2 2.62

137 2543 775 4,0 2.48

136 23,3 79.0 39 2045

135 23,3 81.2 3.8 2.18

134 23,3 82,0 3.7 2,26

133 25,8 81,8 5.8 2.08

132 23.8 83.3 3.6 1.78

134 23.8 85,4 el 1.81

130 25.8 85,9 3.4 1.80

124 24:,0 81,7 b 95 2.06

123 24,0 83.5 3.4 2.00

122 24..0 82.4 5.9 1.81

121 24..0 85.7 3.5 1.81
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TABLE 4 (continued)

Run Solution Average. -

concentration solution /———,,,‘-”1‘ 07 5 7 log <P T

millimoles/1. temperature L— T (20g8) u—-—/ hve.

°c

120 24..0 85,9 5¢5 1.74
119 24,0 84.4 3.8 1.70
118 24.0 84.0 3¢5 1.65
155 25,9 68.8 3.8 2,65
154 25,9 69.4 3.7 2.62
153 25.5 69.9 5.7 2,48
152 25,4 71.7 SeD 2,35
151 25.4 73.2 5.4 2,30
150 25.4 75.6 3.2 2,26
147 30.0 75,0 2.1 1.95
1486 50.0 7646 2.0 1.90
148 30.0 72,0 2.4 1.60

149 50,0 76 4 2.1 1.65




TABLE 5
LOTDUCTION TIiBS IN B TUSES
Run  Solution Super- Induction 107 log (PI
concentraticn  saturation  time f_"!) 1 o2 (10gS) 2
millimoles/1., 3 seconds
186 17.5 1.13 75 66,0 1.87
187 17,5 1.13 GO 66.0 1.78
188 17.5 1,13 106 66,0 2.02
189 17.5 1.13 100 66,0 2.00
190 17.5 1.15 100 86.0 2,00
173 20.0 1.23 120 25.0 2.08
174 20.0 1,29 100 25.0 2.00
175 20.0 1.25 60 25,0 1.78
175 20.0 1.25 30 25,0 1,48
177 20.0 1.25 60 25,0 1.78
178 20.0 1.25 45 25,0 1.63
179 20,0 1,25 355 25.,0 1.54
180 20,0 1.23 30 25.0 1.48
1841 20.0 1.9% 25 25.0 1.40
182 20.0 1.23 35 25.0 1.54
1835 20.0 1.23 40 25,0 1,60
166 25,0 1.50 25 6.2 1.40
1687 25,0 1.50 25 6.2 1.40
168 25,0 1,50 30 6.2 1.48
169 25,0 1.50 50 6.2 1.48
170 25.0 1.50 33 6.2 1.51
174, 25,0 1.50 20 6.2 1.30
172 25.0 1,50 20 6.2 1.30
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INDUCTION TIM.S 1IN

Solution concentration

Supersaturation § : 1,35

O (3og 8)~

7

x 10 : 1l.4

D TUBES

196,

22,0 millimoles/litre

%

Run Induction tine log(?I
b 7 seconds
258 10 1.00
259 10 1.00
265 30 1..48
264 30 1.43
265 30 1.48
266 20 1.30
267 15 1.18

%

The line drawn in Figure 15 gives the corresvonding inductiorn

time in unstirred mixed solutions as 28 seconds ( logcpI = 1.45 ).




TABLE 7

UNSTIRRED DIHYDRATE GROWIH RATES AT 70°C

Run Solution c - c* Rl b e 106
concentration millimoles/L, cm./sec.
¢ millimoles/1.

309 19.55 1.92 1.05

301 20.80 3,00 146

200 21.50 3.59 0.91

307 21..55 3.65 1,93

&8 21.55 3.635 1.29

a19 21.55 3.63 1.96

299 22,75 4,66 1.4

293 24,00 5.73 1.67

310 24,55 6.21 5.27

323 24,55 6.21 3.99

502 25.50 7.02 4,15

304 26.55 7,91 1t.1

312 27.55 8.76 9,45

313 28,05 9,19 10.1

314 28,55 9.62 1Bed

315 29,55 10.48 16.7

3;970
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TALLE 8

UNSTIRRED DINYDRATE GROWIH RATES AT 85°C

4 6 6

Run c ¢ - ¥ R, x 10 R, x 10 RZ/Rl
nillimoles/1, miliimoles/1. cmu/sec. cm./sec.,

584 18,0 2.18 1.36 —— —-—
385 19.0 2.18 1.00 0.25 0.25
387 20.0 H5.05 2,78 0.28 0.10
388 20.0 5,09 2,77 —— —
591 20.0 3,08 1.89 0.29 0.16
392 20,0 5.05 2,08 - —-—
467 2C.0 3.05 2.22 - —
381 21.0 3,95 2,14 0,07 0.03
382 22,5 5,28 5,80 0.29 0.08
589 23,0 5,72 5.08 0,53 0.10
399 23,0 5.72 4. 04 - -

380 24,0 6 .60 8.30 -_— ——
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TABLE 9O

UNSTTRRED DIHYDRATE GROWTH RATES AT 98°C

Run c c - o¥ R, x 10° Ry x 108 R / R,
millimoles/1l. millimcles/1. e,/ sece cm,/sec.,

558 17,0 1.75 1.03 - —
589 17.0 164D 1,52 — ——
560 17.0 1.75 1,19 — —
561 17,0 1.75 1,21 —— ——
561 17.0 1.75 1.65 —~—— —_
562 17.0 1.75 1.51 —_— _—
562 17.0 1.75 1.67 - —~—
562 1.7.0 1.75 0,69 - —_—
5€2 17,0 1.75 1,15 - ——
562 17,0 1.75 Q.61 —_— —
563 17,0 1,75 1.7 —— -
564 17,0 1.75 1.4 - —
471 18.5 5405 2.41 0.49 0.20
563 18.5 5,05 2.90 —
566 18.5 3,05 2.78 - -
567 18.5 5,05 2.10 —— ——
568 18,5 3,05 2,50 —— —_
571 18.5 3.06 2.42 - —
574 18.5 3.08 2.84 —_— _—
578 18.5 35.05 2.1 - —
581 18.5 5.05 1.54 —— -
532 18.5 3.08 2,08 - —_
465 20.0 4,35 5,15 —-— —_
476 21,0 5.20 7.85 - .

495 24.0 7.80 16.7 0,46 0.05



TABLE 10

STIRRED DTIHYDRATE

CROWTH RATES AT 70°C

200 -2

Run c G - c¥ v Rl x 106 K x 107
millimoles millimoles com./szc.  cm</sec. (om,/sec,) x
per litre per litre (15/millimole)1'8

3C9 19.55 1.92 0.58 1.53 ——

524 19.55 1.92 10,5 2,20 —

550 19.55 1.92 60,7 4,02 -

5566 19,85 1.92 744 2.60 ——

344 20,00 2,80 15.4 5.68 —-

342 20.80 5,00 19.5 6,75 —

506 21.55 5,63 0.21 3,53 5.85

208 21.55 5060 057 5,20 5,10

319 21.55 3,65 0.51 6.17 6,05

506 21.55 3,69 0.72 6.45 6.32

507 21.55 5.63 0.68 8,70 8.53

a21 21,55 3.63 6,00 9,48 ——

320 21.55 5,63 12,0 7.95 -

55D 21.55 3.63 56,1 11,0 —

549 21,55 3.63 62,3 11,0 -

552 22,75 4,66 26,9 15.7 ——

523 24,55 6.21 0,65 12.8 J—

324 24,55 6.21 15.1 17.4 -

325 24,55 6.21 24,5 18,0 ——

348 24:405 6.21 57.0 21.8 -

357 24,95 6.21 64,2 21,6 -




STIRRED DIEYDRATL

TABLE 11

CROWTH RATES AT 85°C

201.

Run c c - c¥ v R1 x 106 R, % 10 R, Kx 107
milli-  milli- cm, _ cm,/sec. em,/sec, R (cmo/sec,) x
moles moles 5. 1 (l./millimol.e)l'8
per per
litre litre e

387 20.0 3,086 7.6 4,39 - —— 5,90

395 20.0 3,05 18.7 S5.21 0.40 0,12 4,50

586 ZOQO 5005 2509 4-‘.-‘;.7 - - - 5.60

394 20.0 3.05 55,8 4,086 0.29 0.07 9.45

393 20.0 3.08 10,2 687 - — 8.95

398 20,0 3.05 70,0 9,00 - -_— 12.1

395 20,0 5.05 71,9 8,33 — —— 11.2

400 25,0 5.72 11.5 8,48 1,80 0.21 3,68

402 23.0 5.72 25.0 12.0 0.85 0,07 5,22

405 2500 5&72 51..4‘ 1807 1.4‘0 0107 8-12

4‘0("' 25.0 5-72 6[‘(.1 59:1 2.15 0207 j—501



STIRRED DIHYDRATE

TAPLE 12

o

Run c c - ¥
nillimeles  millimoles
per litre _ per litre

5568 17.0 1.75

556 17.0 1.75

559 17.0 1.78

561 17.0 1.75

532 17.0 1.7

574 18.5 5.05

571 18.95 3.05

578 18.5 3.05

570 18.5 5.05

566 1845 3,05

CROWIH RAT=S AT 98°C

202,

v Rl X’lOG Xx 107
cm./sec,  on./sec. (cm./sec.) x
N (1./millimole)l'8
16.7 2464 —
19.2 2.62 ——
51.4 2.22 —
35,6 2.19 —_—
37.7 2,70 —
10.7 4,04 5.42
20.7 2.65 11.56
59,1 5.22 7,00
42.7 8.33 11.2
290.3 14.1 18,9



203,

TABLE 195

CALCULATED IASS TRANSFER COLFFICIENTS FOR UNSTIRRED DIHYDRATEH

CROWTII RATEZS AT 70°

(£11 concentrations in millimnles/litre)

Interfacial Bulk solution Interfacial Super- lass transfer
super- concentration concentration saturation coefficient
saturation c c. for mass k
i n
o, - o transfer cm./sec.
c - c.
L
2.0 2544 20,8 2.6 0.017
3.0 25,3 22,4 2.9 0.032
4.0 27.2 25,8 Sadk 0,045
5.0 28.8 25.2 346 0.062

6.0 30.5 26.4 3.9 0,080



THE EFFECT O CRYSTAL

TABLE 14

SIZE ON THE UNSTIRRED GROWIH RATE

OF DIHYDRATE AT 85°C

Run c c ~ o Crystal tip Rl x.106

millimoles/1. millimoles/1. redius T, cm./sec.

em,

407 20,0 3.05 0.,0005 2.94
407 20,0 3.05 0.0005 3453
407 20.0 3,05 0.,0005 2.94
407 20,0 3.05 0,0005 6.67
592 20.0 5.05 0,005 2.08
391 20.0 5,06 0,009 1.89
387 20.0 3.05 0.012 2.78
388 20.0 3,085 0.014 2.77
408 23.0 5.72 0.00075 4,75
408 23,0 5.72 0.00075 9,90
408 25,0 5.72 0.00075 10.6
408 25,0 5.72 0.,00125 7.70
399 23,0 5,72 0,008 4,04
589 2540 5.72 0,016 5.08
390 27,0 9,25 0.,0002 27,8 **
405 27,0 9,25 0.0002 16,7 **
406 27.0 9.25 0,0005 20,0
406 27.0 9.25 0.0005 1545
406 27.0 9,25 0.0005 20.0
405 27.0 9,25 0.008 8,33
390 27.0 9,25 0.009 5.00
406 27.0 9.25 0,010 1.1

*¥ Maximum rat

e measured,

204,



UNSTIRRED HEMIHYDRATE

TABLE 15

CROWIH RATZS AT 98°C

Run Solution c - c* R=x 105
concentration millimoles/1. om./sec,
¢ millimoles/l.

598 18.5 1.30 1.53

600 16,5 1.30 1.09

475 17.0 1.75 1.00

474 17,0 1,75 1.20

475 17.0 1.75 1.16

487 17.0 1.75 1.01

488 17.0 1.75 1.27

490 17,0 1.75 0.99

492 17.0 1.75 0.89

495 17.0 1.75 0.95

555 17.0 1.75 1.28

555 17,0 1.75 1.53

556 17.0 1.75 0.93

558 17.0 1,75 0.86

561 17.0 1.78 1.09

562 17.0 1.75 1.00

562 17.0 1.75 0.67

469 18,5 5,05 2.%6

470 18.5 3,05 2.20

472 18,5 5.05 2,55

481 18.5 3,05 2.65

566 18,5 5,06 2.22

566 18.5 5,05 1.95

567 18,5 35,05 1.40

567 18,5 3,05 2.75

205,



TABLE 15 (continued)

Run Solution c - c* R x 105
concentration millimoles/1. cn./sec.
¢ millimoles/1.

571 18.5 5.05 2.15

572 18.5 3,00 2.50

575 18.5 3,00 2.79

573 18.5 35405 2.20

574 1845 3.05 2.72

574 18.5 5,05 2.27

578 18,5 5,05 1.40

579 18.5 3,05 1,97

579 1845 5,05 2.00

579 18.5 3,05 1.67

580 18.5 3.05 2.08

580 18.5 3.05 2.29

580 18.5 3,05 1.09

580 18.5 5.05 1.19

580 18.5 3.06 0.85

580 18,5 3.05 2.35

581 18.5 5.05 2.14

581 18.5 5.05 1.86

581 18.5 5.05 2.67

582 18.5 3.05 2.50

582 18.5 3,05 2.28

582 18.5 5.05 2.69

582 18.5 3.05 3,08

585 18.5 5,05 2.16

583 18.5 5,06 1.86

583 18.5 3,05 1.18

584. 18,5 5.05 1,87

584 18.5 3,05 1.56

206,



TABLE 15 (continued)

Run Solution ¢ - c¥ Rx 105
concentration millimoles/1. cm,/sec.
¢ millimoles/1.

584 18,5 3.05 2422

585 18,5 3,00 1.57

586 18.5 3.05 1.99

587 18,5 35.05 1.87

588 18,5 5.06 2.34

588 18,5 5.05 2.12

591 18.5 3,05 3,05

591 18.5 3.05 1.92

593 18.5 3,05 1.15

597 18.5 3.05 2,55

597 18.5 35,08 2.86

597 18.5 3.05 1.82

607 18,5 3,05 1.08

610 18.5 38,05 Le81L

610 18.5 3.05 2.01

464 20,0 4,35 3,04

466 20.0 4,35 3.70

468 20,0 4,35 .46

602 20.0 4,55 2.39

609 20.0 4,35 3,09

602 20.0 4,56 5,41

611 20.5 4,80 3.55

462 21,0 5.20 4,67

463 21.0 5.20 5.05

477 21.0 5.20 4,44

494 2440 7.80 13.3

496 24,0 7.80 13,3

207,



STIRRED HEMIHYDRATE GROWIH RATES AT 98°C

TABLE

16

R x.105 cm./sec.

208,

Run c - c¥ Crystal Time for growth
millimoles velocity v Tnitial Final to stop
per litre cm./sec, minutes
BATCH SY3TEM
494 1.75 5.9 0 0 ]
4935 1.75 5,9 1.3 0 5
491 1.75 10.0 0.48 0 7
489 1.75 15.7 2.67 0 5
484 5.05 3.2 4.00 0 23
456 3.05 6.5 2.67 0 24
485 5.05 9.3 5.81 0 25
480 3,05 10.4 0 0 0
482 5,05 16.2 444 1,03 240
605 5,05 65.0 0 0 0
FLOW SYSTEM
555 1.75 4,2 1.33 1.00 > 57
556 1.75 9.5 0 0 0
555 1.75 9,9 0 0 0
555 1.75 15.4 0 0 0
555 1.75 42.0 0 0 Q
573 5,05 5.9 2,71 0 64
584 5.05 8.4 0.95 0 18
572 3.05 8.8 1.67 0 19
573 5.08 30,9 0.56 0 6
570 35.05 42,9 1.78 1.78 )124
567 5.05 55.0 0.91 0 172



TABLI:

17

209,

SIMULTANGOUS GROWTH OF DIHYDRATEH AND HEMIHYDRATE AT 98°C
Run c - c¥ Crystal Run Growth rate (cm./sec.) x 10°
millimoles  velocity v time Dihydrate Hemihydrate
per litre cm./sec. minutes (constant) o i
561 1.75 10.1 1357 2,20 1.20 0
562 1.75 12.6 74 2,70 3.20 0
558 1.75 16,7 101 2.60 3.60 1.50
559 1.75 31.4 30 2,20 0 0
571 3,05 20.7 104 8.70 40,0 0
566 5.05 50,3 30 1tel 10.3 10.3



TADLE 18

THE EFFECT OF A CLASS DUST DEPOSIT ON THE UNSTIRRED
GROWTH RATE OF HEMIHYDRATE
Run ¢ - co¥ Growth rate (cm./sec.) x 10°
millimoles Defore Deposit After
per litre visible present deposit
deposit removed
577 1.90 1.09 0 0,74
577 1.90 0.74 0 0.91
577 1.90 0.91 0 —
580 3.05 1.85 0.56 1.6
580 3.05 1.67 0 0.85
580 3,05 0.85 0 2.00
580 35.05 2.00 0 -
582 5.05 2,69 1.20 5.08

210.



TABLL 19

LFFECT OF SURFACE DISSOLUTION ON

GROWTHL RATE OF

THE SUBS:QUENT UNSTIRRED
HEMIHYDRATE

Run c - c* Time of Growth rate after
millimoles dissolution dissolution

~per litre minutes (cm./5ec.) x 10°

564 1.75 0.3 0

565 1.75 3.0 0

562 1.75 6,0 1.00

562 1.75 8.0 0.67

606 1.75 9.0 0

596 5,05 2,0 0

595 5,05 4,0 1.80

597 3.05 4.5 0

597 3.05 6,0 0

587 5,05 2.0 0

211,



TABLE 20

IZEMIHYDRATE GROWTH RATE IN THE ABSENCE OF GLASS DUST
Run c - c¥ Crystal R x 105 Duration
millimoles velocity v clie/5€0, of run
per litre cm./sec. minutes
BRAGS ROD I BRASS SLELVE
578 3,08 o] l.41
578 3,05 29,3 1.91 115
582 3405 0 2.50
582 5.05 20.2 2413 47
RIGID COUPLING
583 3,05 0 2,16
583 5,05 22,0 2.01 98
584 5.08 0 2.22
584 5,05 8.8 1.68 111
584 3.05 8.8 1.61 BO**

o
Growth suddenly stopped at 60 minutes.,

212,



MAXTMUM STIRRED

TABLL 21

HiEMIHYDRATE ~ GROWTH

RATES

Run ¢ - c¥ Crystal Maximum growth rate
millimoles velocity v (cm./sec.) x 10°
per litre cm./sec.

255 1.75 4,2 1,17

4935 1.75 5.9 1.33

491, 1.75 10.0 0.48

561. 1,75 10,1 1.19

562 1.75 12.6 0,52

489 1.75 15,7 2.67

558 1.75 16.7 0.36

484 5,00 3.2 4,00

573 5.05 5.9 2.22

485 3,05 6.3 3.30

584 5.06 8.4 1.48

572 3.0 8.8 1.67

584 3.06 8.8 1.68

584 5.05 8.8 0.95

584 35,05 8.8 1.61

485 3.05 9.3 3.81

574 5.00 10.7 2.87

482 5.00 16.2. 4,44

213.



TABLE 21 (continued)

Run c - c* Crystal Maximum growth rate
millimoles velocity v (emo/secs) x 105
per litre cm./sec.,

582 5.05 20.2 1.98

571 5.05 20.7 4,00

583 3.05 29.0 2.04

578 5,05 29.3 1.94

578 3,05 29.3 1.78

578 5.05 22.5 1.33

573 3.05 30.9 0.56

570 5,05 42,7 2,58

570 3.05 .7 2.22

566 3,05 5045 1.90

567 5,05 55,0 0.91

567 5.05 55,0 1.00

567 5.05 5645 1.21

214,
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TABLS 22

HEMIHYDRATE AND DIHYDRATE CGROWIH RATES IN 1,0 MOLAR
SODIUM CHLORIDE SOLUTIONS AT 98°C

Run c c ~ c* Crystal Growth rate (cm./sec.) x 10°
millimoles. miliimoles velocity v Dihydrate Hemihydrate
per litre per litre cm./sec.

576 46,0 2,90 0 3.78 19.1

577 45.0 1.90 0 3.51 9.50

577 45,0 1,90 10.0 6.67 9,10%*

£ 3]
This rate was maintained for 22 minutes after which growth stopped.



216,

TABLE 25

HEMIHYDRATE DEPOSITS ON STIRRED METAL WIRES AFTER 30 MINUTES
SUIMMARY OF RESULTS

*
Type of metal Surface treatment pH of solution Density
Unprepared Painted Filed  Neutral Acidic of
deposit
Galvanized x x 5]
iron X x 4
b4 b 3
X x ]
X X 2
Steel X x 4
x b'd 2
X x 4.
x x 2
Copper b4 x 3
X X 1
X b'e 4
X x 2
Aluninum x x 3
X b a
Platinum b bed
x x
Nickel~chromium bd x 2
Tungsten x x 1
Stainless steel X x 1
pd x 1

— - B — o —— — — s Bl — p— — —— - - — e St B S T W= —— — — — o — — f— —

e
These values represent relative dsposit densities from

1 (no crystals) to 5 (heavy deposit).




TABLE 24

DENSITY OF HEMIHYDRATE CRYSTALS ON AN UNSTIRRED GALVANIZED
TRON WIRE AND OTHER SURFACHS AT VARIOUS TIMES (RUN 204)

Surface Approximate number of crystals per cm.
20 minutes 40 minutes G0 minutes

Untreated section 150 270 540

of wire
Painted section 5] 14 14

of wire
Glass tube walls 2 5 2
Glass tube bottom 16 23 39

Solution surface 13 32 52

217,




TABLL 25

FORMULA OF THE SYNTHCTIC SiA WATER USED IN RUN 377
(APPROXIMATELY 4.25 x NORMAL SiZA WATER  CONCINTRATION)

Feed solution Salt Concentration
gm, per litre
Ca** solution CaCl, 8.7
NaCl 115,0
SO4 solution Na2804 12.5
NaCl 11.2.()
KC1L 7.1
L’Igsoll. 20.0
v S A
Mixed solution Concentration 4.25 x normal sea
gm. per litre water (reference 1)
gm, per litre
c1 80.5 80,6
Nat 45,6 44,9
SO4 135.2 11.3
ugtt 5.5 5.4
K' 1.7 1.6
Ca++ 1.6 l.7

218,
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TADLL 26

DEPOSITION ON A IEATED SURFACE

Run Solution Duration Hydrate
of run formed
hours

371 Calcium chloride 90 Dihydrate

and sodiun sulphate

372 " 16.5 Dihydrate
573 " 64 Dihydrate
376 " 65 Dihydrate
377 Synthetic sea 70 Hemihydrate

water brinc




TABLE 27
DEPOSITION RATES ON A STIRRED METAL SURFACE IN MIXED CALCIUM CHLORIDE AND

SODIUM SULPHATE SOLUTIONS

Run Solu- Hydrate Deposited Solu- Rod

Time Solution

Deposition Rate

tion on Rod tion Velo- min. Concen- cm/ 106
Temp. ;i start ILuring Flow~ city tration Sec x
g of un run Tate cm/sec m@llimoles/ iverage Average Maximum
cc/hr litre Base Tip Tip
415 85 A few Dihyd- 96.9 36.6 0 20.320.2 - - -
dihyd- = rate
rate 202 - - 0.08 0.48
seeds '
217 20.5%0.3 - - -
330 19.5*0.2 - - -
L16 85 Dihyd- Dihyd- 114.5 41.9 130 18.220.4 - - -
rate rate
deposit 170 18.420.4 - - -
from : o
run 415 252 - 0.84 1.39 1.9L
356 17.4%0.2 - - -
882 - 0.90 1.46 1.71

*0%3



TABLE 27 (continued)

Run Solu- Hydrete Deposited Solu- Rod Time Solution Deposition Rate
tion on Rod tion Velo- min. Concen- cm/ e 106
Temp. it start During FLlow- city tration sec X
og of run run rate cm/sec millimoles/ Average iverage faximum
cc/hr litre Base Tip Tip
417 &5 Dihyd-~ Dihyi- 102.5 39.3 189 - 0.10 0.37 1.42
rate rate
deposit 300 16.810.3 - - -
from
run 416 822 - O.44 0.33 0.88

1310 16.220.3 - - -

L18 85 A Tew Dihyd- 1110 L0.6 342 - 0 0.80 2.15
dihyd- rate
rate 358 19.020.3 - - -
seeds
L19 85 Dihya- Dihyd- 1190 47.0 120 18.420.3 - - -
rete rate
deposit 180 - 0 .64 1.07
from
run 418 296 18.6%0.z2 - - -
4L20 85 Dihyd~- Dihyd- 1200 31.4 180 18.620.3 - - -
rate rete
deposit 230 - 0 0.41 1.20
from
run 419 300 18.520.2 - - -
L21 85 Dihyd- Dihyd- 1200 40.0 256 - 0.08 0.54 1.10
rate rate
deposit 275 18.820.3 - - -
from

run 420

*T2S



TABLE 27 (continued)

Run Solu- Hydrate Deposited Solu- Rod Time Solution Deposition Rate

tion on Rod tion Velo- min. Concen- e/ see x 10°
Temp. At start During Flow- city tration
°¢ of run run rate cm/sec millimoles/ Average Average Maximum
cc/hr litre Base Tip Tip

L22 85 Dihydrate Dihyd- 1140 42.0 160 18.810.,2 - -
deposit rate

from 241 - 0.16 1.69 2.64
run 421

423 85 Dihydrate Dihyd- 1140 L4.0 145 18.,620.5 - - -
depocit rate

from 161 - 0.35 1.55 2.64
run 422 o

L2l 85 Dihydrate Dihyd- 1160 h7.5 149 - 0.05 1.16 2.00
depcsit rate
fron 295 18.4%0.3 - - -
run 423

425 85 Dihydrate Dihyd- 1160 40.8 257 - 0.14 1.39 2.10
deposit rate
from 282 18.220.3 - - -
run L2k _ T

L26 85 Dihydrate Dihyd- 1148 L9.7 185 18.620.3 - - -
deposit rate

from 216 - 0.12 1.29 2.56

run 425 -c v _
427 85 A few Dihyd- 7L0  46.5 120 19.8%*0.4 - - -

dihydrate rate

seeds 385 19.720.3 - - -

444

935 - 0.24 2,19 2.88




TALBLE 27 (continued)

Run Solu- Hydrate Depositzd Solu- Rod Time Solution Deposition Rate
tion on Rcd tion Velo- min. Concen- em/gee x 100
Temp. At start Durinz Flow- city tration
oc of run  run rate cm/sec millimoles/ Average [verage Maximum
cc/hr litre Base Tip Tip
L27 700 L0.0 1470 19.720.3 - - -
(con-
tinued) 1662 - 0.43 2.03 2.87
2410 - 0.38 1.53 2.39
730 49.0 2960 19.8%0.3 - - -
3133 - 0.78 1.89 2.99
700 53.5 3210 20.2%0.5 - - -
3815 - 0.50 1.56 1.97
LL70 19.420.3 - - -
705 48.8 4509 - , 0 1.19 1.70
557 98 i few Dihyd- 710 44.9 0 17.0 - - -
hemi- rate
hydrate 190 16.910.1 - - -
seedc
837 - 0.05 1.30 1.58
575 98 LH few Dihyd- 680 35.0 0O 18.5 - - -
hemi- rate and
hydrate Hemi- 235 - - 6.30 8.30 0
seed” hydrate 2
893 - - 1.17 1.98 *




TABLE 28

DEPOSITION RATES OM 4 STIRRED METAL SURFACE IN 1.0 MOLAR SODIUM CHLORIDE AND
0.045 MOLAR CALCIUM SULPHATE SOLUTIONS

Run Soln- Hydrate Deposited Solu- Rod Time Solution Deposition Rate
tion on Red tion Velo- min. Concen- cN/coe x 10°
Temp. it start During Flow- city tration —~
Oq of run run rate cm/sec millimoles/ Average Average Maximum
cc/hr litre Base Tip Tip
590 98.7 A few Dihyd- 665 23.3 0 4L5.0 - - -
hemi- rate :
hydrate and 131 - 0.97 L.0OL 5.16
seeds hemi- :
hydrate 302 - 0 1.90  3.85
894, - 0.06  1.41 -2.29
591, 98 None Hemi- 670 19.9 O 45.0 - - -
hydrate
and a 70 - 3.44 15,6 25.2
littls
dihyd- 171 - 0.06 2.91  5.35 L
rate
308 - 0.40 2.52 L.31
595 98 Mixed Hemi- 670 19.9 0 4L5.0 - - -
deposit hydrate
from and di- 138 - 2.32 5.31 7.12
run 594  hydrate ,
331 - 1.72 L.23 10.5
898 - 0.83 2,54 3.58
1605 - - 1.65 2.30
2325 - 0.23 1.95 2.39 - 1o
. . %)
3044 - 0.35 2,06 3.1 . o~ ¥
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TABLE 29

COMPARISCON OF MAXIMUM OBSERVED TIP GROWTH RATES WITH SINGLE
CRYSTAL GROWTH RATES OF THE DIHYDRATE AT 850

Run Time Rod c ~ c¥* Growth Rate cm/sec x 108
min. Velocity millimoles Maximum  Single Crystal
cm/sec “litre  Tip Rate Rate
L15 0 36.6 3.3 * 0.2 6.4 * 0.7
202 0.5
217 3.5 2 0.3 7.2 * 1.0
316 1.0
330 2.6 * 0.2 L.0O * 0,5
416 130 41,9 1.5 * 0.4 1.5+ 0.7
170 1.7 2 0.4 2.3 * 1.2
252 1.9
356 0.8 *+ 0.2 0.4 * 0.2
882 1.7
417 189 39.3 1.4
300 0.3 2 0.3 0.1 % 0.1
822 0.9
418 342 40.6 2.2
358 2.1 * 0.3 2.9 * 0.7
L19 120 47.0 1.6 * 0.3 2.0 * 0.6
190 1.1
296 1.8 & 0.2 2.3 * 0.4
420 180 31.4 1.8 ¢ 0.3 1.9 * 0.5
230 1.2
300 1.8 # 0.2 1.7 ¥ 0.3




226,
TABLE 29 (continued)

Run Time Rod c - cx Growth Rate cm/sec x 108
min. Velocity millimoles Maximum Single Crystal
cm/sec Titre Tip Rate Rate
L21 256 40.0 1.1
275 2.0 * 0.3 2.6 * 0,7
422 160 42,0 2.0 ¢ 0.2 2.7 * 0.5
241 2.5
423 145 44.0 1.8+ 0.4 2.4 % 1.1
161 2.6
L2L 149 47.5 2.0
295 1.7 * 0.3 2.0 * 0.6
L25 257 40.8 2.1
282 1.5 % 0.3 1.4 % 0.5
4,26 185 4L9.7 1.8 # 0.3 2.5 * 0.7
216 2.6
427 120 4L6.5 2.9 * 0.4 5.9 ¢ 1.4
385 2.8 * 0.3 5.4 ¥ 1.0
935 2.9
1470 40,0 2.8 * 0.3 4.9 ¢ 0.9
1662 2.9
2410 2.4
2960 4L9.0 2.9 ¢ 0.3 6.1 1.1

3133 3.0



227 .
TABLE 29 (continued)

Run Time Rod c - C*% Growth Rate cm/sec x 10°
min. Velocity millimoles Maximum  Single Crystal
cm/sec litre Tip Rate Rate
427 3210 53.5 3.3 2 0.5 8.1 & 2.2
(con- ‘
tin- 3815 2,0
ued)
L470 2.5 2 0.3 4.9 ¢ 1.0

4509  48.8 1.7
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TABLE 30

COMPARISON OF MAXIMUM OBSERVED TIP GROWTH RATES WITH
SINGLE CRYSTAL GROWTH RATES OF THE DIHYDRATE AND
HEMIHYDRATE AT 989

Run Time Rod c - CX Growth Rate cm/sec x 106
min. Velo- millimoles Maximum gingle Crystal Rate

city 1itre Tip fate gyirred Unstirredsss

cm/sec Dihydrste Hemihydrate
557 0 449 1.8 3.9 10.0
190 1.7 *+ 0.1 3.5 % 0.4 9.5 % 0.5
837 1.6
575 0 35.0 3.1 9.7 21.0
235 8.3
893 2.0
590 0 23.3 1.0 ~6.7 ~9.5
131 5.2
302 3.9
59, 0 19.9 1.0 ~ 6.7 ~ 9.5
70 25.2
171 5.4
308 4.3
595 0 19.9 1.0 ~6,7 ~n9.5
138 7.1

331 10.5



229,
TABLE 30 (continued)

Run Time Rod c - o Growth Rate cm/sec x 100
mlrm. V?%O' millimoles Maximum Single Crystal Rate
C1Ty litre i
em/sec Tip rate Stirred  Unstirredis:
Dihydrate Hemihydrate
595 898 3.5
(con-
tin- 1605 2.3
ued)
2325 rn
3044 3.1

%% Initial stirred hemihydrate single crystal growth rates

were up to 3 times the unstirred rates shown here.



TABLn 81

ACUTZ ANGLE BuIW«EN DIHVYDRATE CRYSTALS
(ALL ANGLSS IN DEGRIES)

DIHYDRATE CRYSTAL

First parent crystal
12,0
49,9
61.4
63,7
63.7
72.7
7247
79,6

second parent crystal
33.1
55,0
54.4
5445
59.5
6240
70.4
7044
7045
74.1
75,6
75.6
75.6
77.0
7740

Third parent crystal
41.6
65.9

Fourth parent crystal

AXD

PARENT

3.0
50.0
58.0
€0.5
6840
6845
69,0
69,5
715
71.5
7362
82.0
82,5
86.0
86,0
8640
870
880

IFifth parcnt

crystal

5240
57.1
69.0
77.0
85.0

87.0

Overall

average

66 44

230,
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TABLE 32

TIMES OF OBSZRVATION OF DIHYDRATE CRYSTALS ON UNSTIRRED
DIHYDRATE SEED CRYSTALS AT 85°C

Run Tube Dissolution c - o¥ Observation time
type time minutes millimoles minutes
per litre First No
crystal crystals
N
449 T 15 2.2 { 3840
438 r 30 2.2 125
440 F 35 2.2 220
ek
437 T 10 2.2 3840
435 T 20 2.6 11143
435 i) 20 4,5 51
4.36 F 30 4,5 85
434 F 25 4,5 ( 945
430 B 30 6.6 29
432 b 24 6.6 30

Rk
Only one crystal on the seed orystal.

R ]
Two seed crystals mounted on the same rod.
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THE ©DFFRECT OF THE ADDITION OF BARTUM ION ON NUCLEATION
IN THE BULK OF TH: SOLUTION

Run c -~ c¥ ZTBa+f;7 Surface** Observation time

millimoles millimoles minutes

per litre per litre Tirst Yo

crystal crystals

499 4.0 0.6 DS 325
499 4,0 0 DS 525
497 6.6 0.6 D { 105
497 6.6 0 D { 105
498 6.6 0.6 G 15
498 6.6 0 G 15

** SYMBOLS

DS -~ dihydrate seed crystal, surface dissolved.

D - Jdihydrate seed crystal, no preperation,

G - glass rod.




233
TABLE 34
TIMES OF OBSERVATION OF DIHYDRATEZ CRYSTALS ON SEED CRYSTALS
IN ENLARGED AND CAPILLARY TUBES

Run Tube Seed* Solu- Solution Observation time (minutes)

type crys- tion super- Capillery Enlerged
B (T T
mi;;iggigs Crys- Crys- Ccrys- crys-
litre tal tals  tal tals
451 G D 85 6.6 7 6% 21
452 H D 85 6.6 {249
453 H D 85 6.6 37
L54 H D 85 6.6 65
L55 H D 85 6.6 L6
L56 H D 85 6.6 65 L7
457 1 D 85 6.6 55
458 H D 85 6.6 55
L59 H D 85 6.6 2l
460 H D 85 6.6 55
461 H D 85 6.6 £ 1380%%% 33
616 H D 100 8.7 €9 69
617 H H 95 2.9 1000 1000
614 H H* 100 8.7 L8 12
615 H H! 100 8.7 1263k 9
625 J G 95 L2 33
619 J C 95 5.9 27
640 H C 95 8.5 48 31
6L2 H C 95 8.5 45 35

¥ D = dihydrate; H' = hemihydrate; C = calcite.
*% Only one crystal on seed crystal.
%% Only two crystals on seed crystel.
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TABLE 35

GROWTH RATES OF SEED CRYSTALS 1IN UNLARGED AND CAPILLARY TUBES

% 6
Run Seed Solution c - ¥ Growth rates (cm,/sec,) x 10
crystal  tempera- millimoles Capillary Enlarged Chapters
LR ]
ture °C  per litre tube tube 3 & 4
4535 D 85 6.6 6,06 6,35 765
454 D 85 6.6 6.06 5.88 75
4556 D 85 5.6 — 6.56 7.5
459 D 85 6,6 — 5,456 7.5
4‘61 D 85 6.6 —— 5.55 7'5
814 " 100 8.7 92,0 24.0 ~170
615 H! 100 8.7 90.0 82,0 ~=170
o
SYHBOLS

D - dihydrate
H' - hemihydraze

KA
Approximate growth rates for unstirred crystels from

chapters 5 and 4,
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TABLE 56
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CRYSTALS ON TIuES OF

OBSERVATION OF CRYSTALS ON SEED CRYSTAL SURFACES
Run Tube Seed** Solution ¢ - c¥ Crystal Crystal*$* Observation
type crystal tempera- millimoles velocity addition  time, minutes
ture °C per litre cm,/sec. Wt. Size TFirst No
g crystal crystals
438 F D 85 2.2 0 -— large 48
458 F D 85 2,2 0 ~~  small 5
440 F D 85 2.2 0 -~ mixed 10
440 F D 85 2.2 0 -~ smell 30
440 r D 85 2.2 0 —  small
439 F D 85 2.2 3.7 — mixed 18
446 ¥ D 85 2.2 049 ~—  small 50
638 J C 95 ~0 13,7 -~ small 180
670 J C 95 4,2 1.3 0.02 small 30
668 J C 95 4.2 2,0 0,01 small 80
649 J C 95 4.2 31.9 -~  large 40
6685 J C 95 4.2 51.4 040 =small 60
666 J C 95 4,2 3345 0,01 small 60
646 J C 95 5.9 13.7 ~-  large 70
Heok

SYIBOLS

D - dihydrate

C - calcite

ok
Dash indicates an unmeasured quantity of crystals added.
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TLBLE 37

THE EFFECT OF STIRRING ON TIMES OF OBSERVATION OF
DIHYDRATE CRYSTALS ON SEED CRYSTAL AND GLASS SURFALCES

RS Bl S S ST RN Bl
T e cra onye-
millimoles tal tals
litre
439 F D 85 2.2 3.7 60
L4l F D 85 2.2 6.3 245
Liht F D 85 2,2 - 8.2 137
439 F D 85 2.2 14.9 87
635 J D 95 ~s0 4.1 66
636 J D 95 ~0 bl X 197
637 J D 95 5.9 5.5 _7
64y J D 95 5.9 7.1 120
647 J D 95 5.9 14.0 1000
654 J D 95 5.9 23.6 X 190
645 J D 95 5.9 24,6 76
653 J D 95 5.9 39.2 100
657 J D 95 5.9 55.0 X 120
655 J D 95 5.9 78.6 195
660 J C 95 ~0 >0 < 1200
662 J C 95 AU >0 < W45
632 J C 95 ~0 13.3 86
659 J C 95 ~0 18.4 X 240
629 J C 95 A0 L8. 4 90

%% D = dihydraste; C = calcite; G = glass.
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TABLE 37 (continued)

Run Tube Sur- Solu- Solution  Crystal Pad- Observation

Type face tion Super- Velo~ dles Time (mins)
e g, D
millimoles tal tals
itre

674 J C 95 1.6 >0 X 1105
673 J C 95 L.,2 >0 X 120
672 J C 95 L,2 1.0 90
671 J ¢ 95 L2 1.3 30
630 J c 95 L2 21.0 61
64,8 J C 95 L.2 28.5 50
664 J c 95 5.9 1.3 50
631 J C 95 5.9 19.1 31
64,3 J C 95 5.9 4L5.0 {1080
641 J C 95 5.9 63.0 120
650 J C 95 5.9 70.0 120
638 J C 95 5.9 72.5 120
651 J C 95 5.9 76.4 40
663 J G 95 ~0 >0 X €345
634 J C 95 L.2 30.0 X <970
66. J G 95 5.9 >0 X 1020
656 J G 95 5.9 120 €150
658 J G 95 9.0 70.7 X L5
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APPENDIX 2

PHYSICAL  DATA

PROPERTY DIHYDRATE ICLTIVDRATE
liolecular weight 172.18 145,15
Specific gravity 2,32 2.75
Refractive index 1038 1¢521 1.5564

3 1.530 1,580
r3 1.525 1,555
Crystal system monoclinic hexagonal

Extinotion angle oblique parallel
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APPENDIX 3

NOMENCLATURE

a constant

surface area of crystal (cm?)

proportionality constant in nucleation rate equation
area for heat transfer (cm?)

a constant

proportionality constent in nucleation rate equation

concentration of solute in bulk of the solution
(millimoles per litre)

solubility of large crystals of the solute in
solution (millimolec per litre)

c - Cc*

concentration of solute at the crystal-solution
interface (millimoles per litre)

solubility of a2 crystal with radius r (millimoles
per litre

concentration of solute in the solution at an infinite
distance from the crystal tip (millimoles per litre)

-] -1
specific heat of the solution (cal.gm ~,°C )

characteristic dimension of a system
diffusion coefficient (em?.sec™1)
activation energy (kilocalories per mole)
fractional rate of surfece renewal

change in the total free energy due to homogeneous
nucleation (ergs)

chenge in the total free energy due to heterogeneous
nuclestion (ergs)



Re

Sc
Sh

24,0

molar flux (millimoles per second)

Boltzmann constant, 1.38 x 10-16 (ergs.degree'l)

coefficient of mass transfer (cm.sec'l)
surface reaction coefficient
coefficient for overall solute transfer
constant in an Arrhenius type equation
gram moleculsar weight

number of moles of solute transferred

rate of nucleation, number of nuclei per unit volume
per unit time

& constant

radius of spherical crystal particle (cm)
critical radius of spherical crystal (cm)
radius of tip of crystal (cm)

gas constant per mole; growth rate of tip of hemi-
hydrate crystal (cm.sec”

growth rate of edge of (111) and (1I1) planes of
dihydrate (cm.sec™1)

growth rate of edge of (110) and (110) plenes of
dihydrete (cm.sec™1)

Reynolds number
supersaturation c/c*
Schmidt number
Sherwood number

time (seconds)
temperature (°K)

temperature of constant temperature beth (°K)



ave

(&4

D

4

Sl

2L1.

temperature of solution at time zero (°K)

average solution temperature during nucleetion
experiment, as defined by equation 14 (°K)
overall heat transfer coefficient (cal.cm’%sec'l.OC'l)

relative velocity between solution and crystal
(cm.sec™1)

volume of solution (cm3)

(eg - C*)p—l

laminar diffusion layer thickness (cm)

acute angle between parent dihydrate crystals and
small dihydrate crystals on their surfece (degrees)

solution viscosity

density of crystal (grams.cm™>)

density of solution (grams.cm'B)
specific surface free energy (ergs.cm’z)
time (seconds)

induction time (seconds)
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