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ABSTRACT  

A study had been made of the formation of nuclei by 

collision breeding in aqueous solutions of Magnesium 

Sulphate hepta-hydrate, Potassium chloride, Potassium 

bromide and in Benzophenone melt. 	It was found that nuclei 

were formed at a very low supersaturation and the breeding 

rate increased significantly with increase of supersatura- 

tion. 	The rate also depended on the growth-pattern of 

the crystals. 	Theories predicting the variation of 

collision breeding rate with supersaturation and its 

mechanism have been put forward. 

The solid-liquid interface during dissolution and 

growth of MgSO4, 7H20 crystals was studied in a Schlieren 

apparatus. 	The force of impact of depositing molecules 

on the crystal face was also measured in a torsion- 

balance apparatus in the absence of turbulence in the 

solution. 	The growth-rates calculated from these 

measurements were very close to the values found by previous 

7Torkers. 

The growth rates of 01 crystals in aqueous 

salutions have been measured as a function of LaC, and the 

limit of21(:for growing 73erfectIc7C1 crystals was found. 

The values of the mass-transfer coefficients to 
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the growing crystal face were determined together with 

their dependence on stirring speed; and the limitting 

growth—rates of KC' in the absence of diffusional re—

sistance were derived. 

The effects of surface imperfections on the dis— 

solution—rate of liC1 crystals were observed. 	with perfect 

or imperfect crystals, no limitting dissolution rate could 

be reached even at relatively high stirring speed. 

The growth—rates of hexamine crystals in aqueous 

solution were also measured in the absence of diffusional 

resistance. 

At last, it was shown that by proper treatment of 

sucrose crystals, initial breeding could be eliminated. 
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CHAPTER I  

GENERAL INTRODUCTION 

In 1911 KiersI wrote "I have many times noticed that 

when the anpropriate crystal is introduced into a,suner-

saturate:: solution, which is not strong enough to crystallise 

sontaneously, it may cause crystals to grow :not only in 

contact with itself, but at sane little distance in its 

neighbourhood." 	Later on McCabe2 recognised this 

phenomenon and classified it as being "probably the cost 

important single method" of production of new nuclei in 

the crystallisers. 	In 1960, L. Benjamin and R.F. 

Strickland-Constable3 observed this particular type of 

nucleation when stirred supersaturated zinc amalgams were 

seeded with a few zinc crystals. 

Eowever, no systeatic investigation of this 

phenomenon hal been published in the literature as late as 

1963. 	2.F. Strickland-Constable and %. .h. Mason 4,10 

for the first tine renorted a thorough study of this type 

of nucleation. 	They termed this ohenomenon "breeding", 

in order to distinguish it froll s-..)ontaneous nucleation, 

hick could occur without the presence of a seed or 

parent crystal. 	Five different types of breeding were 

reported. 	They were; - 1) Initial breeding , 2) Needle 
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breeding, 3) Splinter breeding, 4) Polycrystalline breeding 

and 5) Collision or iittrition breeding. 

Wholl a single crystal from the stock bottle was 

added to a supersaturated solution a shower of small 

crystals appeared within a few seconds. 	This was due to 

detached crystallites ;resent on the surface of the parent 

crystal. 	This was called "Initial breeding". 	It was 

a "once for all" phenomenen, which did not recur.. 

However, if the crystal was immersed in a solution 

supercooled more than 7°C, needles tended to g;ow from the 

crystal end and to break off if the solution was stirred; 

this occurred even when the crystal did not ccme in 

contact with the walls of the vessel or with any other 

crystal,. 	This was called "needle breeding". 

Ls the needles broke off, a shower of snail 

crystallites were produced. 	This was called "splinter 

breeding". 

Some crystals, such as KBr, tended to grew as 

polycrystalline aggregates. 	This later on broke up 

spontaneously -  to give fresh crystals. 	This was called 

"polycrystalline breeding". 

In all the above cases the crystal was considered 

to be held in the solution out of contact with the walls 

of the vessel. 	If however, the crystals growing in a 
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supersaturated solution were free to move, fresh nuclei 

were very easily produced at low supersaturation with 

relatively gentle collision of the crystals between them— 

selves or between the crystals and the glass walls. 	This 

was called "attrition or collision breeding". 

Mason 4,10 investigated quite extensively the first 

four types of breeding; namely initial breeding, needle 

breeding, splinter breeding and polycrystalline breeding 

with the systems; zinc amalgam, aqueous potassium bromide 

solution and aqueous mgs04, 7H20 solution. 	He recognised 

the existence of collision breeding, but made no de— 

tailed study of it. 

The present work was undertal:en to investigate 

the phenomenon of collision breeding more thoroughly. 

The industrial importance of this work can easily 

be understood. 	Crystallisers used in large scale 

industrial crystallisation almost universally employ 

agitation cf the magma in some way or other. 	These 

crystallisers are operated well within the uetastable 

zone, so that spontaneous nucleation does not occur in 

them. 	Seed crystals introduced in the beginning of the 

operation will doubtless produce initial breeding. 	In 

the subsequent period collision breeding is the most 

significant factor for the formation of new nuclei. 
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The supersaturation maintained being low, needle growth 

which is essentially the characteristic growth pattern at 

high supersaturation, seldom occurs. 	Consequently needle 

breeding is probably a negligible factor in the process 

of nuclei formation in such apparatus. 

The industrial relevance of collision breeding 

acted as an added incentive to further investigation. 

Different research topics investigated are enumerated 

below, 

1) DevelorJaent of a technique for initial seed 

treatment to avoid initial breeding when the seed is added 

to a supersatured solution of MgSO4, 

2) Determination of ranges of supersaturation 

upto which the see:: crystal grows with perfect faces in 

stirred and unstikred cod utions of MgSO4, 7H2O. 

3) Collision breeding ex7)erfments with MgSO4, 7H20 

solution using 'treated seed'. 

4) Collision breeding ex;erizients with MgSO4, 7H20 

sr,lution using 'untreated seed'. 

5) Breeding experiments by 'treated seed' sliding 

slowly over sucoth glass surface under supersaturated 

solution of Mg504, 7E20. 

8) Breeding experiments by slow touching of perfect 

crystal surface with smooth glass rod. 	The crystal being 
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grown in low supersatured solutions of MgS04' 7H20. 

7) The influence of colliding glass beads at which 

spontaneous nucleation occurs (MgSO4, 7H20). 

8) Study of the solid—liquid interface during 

dissolution and growth of MgSO4, 7H20 crystal, using 

schlieren apparatus. 

9) Torsion—balance experiments to find the force 

of impact of depositing molecules when a MgSO4, 7H20 

crystal is grown frog a supersaturated solution. 

10) The accurate determinotion of melting point 

of benzophenone. 

11) Collision breeding experiments with 

benzophenone melt using 'treated seed'. 

12) Collision breeding experiments with benzo—

phenone malt at constant super—cooling using 'untreated 

seed'. 

13) Collision breeding experiments with potassium 

bromide solution using 'treated seed'. 

14) Study of nucleation and crystal growth in 

potassium bromifle solution on nicroscope slide. 

15) Crystal growth of benzophenone melt on micro—

scope slide. 

16) Polycrystalline growth of potassium bromide 

and levolopment of techniquo to eliminate polycrystalline 

growth. 	Study of parallel growth pattern. 
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17) Collison breeding experiments with potassium 

chloride solution using 'treated seed'. 

18) Breeding experiments with 'treated and untreated' 

crystals of potassium chloride. 

19) Study of platelet formation by collision 

breeding in potassium chloride solution. 

20) Growth—rate study of potassium chloride cry—

stals from aqueous solution. 

21) Moasurement of the effects of stirring speeds 

on growth—rates of KG1 crystals in solutions of constant 

supersaturation. 

22) Measurement of the effect of stirring on rate 

of dissolution of KC1 crystals with perfectly grown faces 

and thoswith faces containing parallel growths. 

23) Measurement of growth rates of hexamine 

crystals at different supersaturations. 

24) 'initial breeding' experiments with sucrose 

crystals and effect of seed treatment on 'initial 

breeding'. 
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CHAPTER II  

REVIEW OF PREVIOUS WORK ON THE BREEDING  

OF NUCLEI  

A more detailed survey of previous work on different 

types of breeding of nuclei is given below. 	The 

following account of the mechanisms of breeding is based 

on the work of Mason"  who Dade extensive investigations 

into breeding from solutions, and on the work of 

Kirtisinghe12 who raca similar but less extensive in—

vestigations with melts. 

INITIAL BREEDING:— If a fresh and dry crystal is dipped 

into a supersaturated solution or supercooled melt, after 

a short tine a considerable number of new crystals appear 

usually at the surface of the solution and at the bottom 

of the crystalliser flask. 	This occurs even at very 

low supersaturation well within the metastable zone where 

s;;entaneous nucleation :loos not occur under these ex— 

perimental conditions. 

For instance Mason10 noted that when a crystal of 

MgSO4, 7E20 was dipped into a supersaturated solution 

(fir ) 2°C ) a cnnsiderable number of small crystals ;.  

appeared on the surface or bottom of the solution after 

a short period of time defending on supersaturation. 
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Without the addition of a crystal, the same 

solution did not nucleate even at a supercooling of 20°C 

for unstirred solutions and 12°C for a vigorously stirred 

solution. 	Evidently the formation of nuclei in this case 

was lue to initial breeding. 	Mason noted the identical 

phenomenon of initial breeding with untreated seed cry— 

stals of Br. 	Kirtisinghe found that on inoculation of 

supercooled benzophenone melt with untreated seed crystal 

"the now nuclei formed were invariably found floating on 

the surface of the melt, completely detached from the 

see'9". 	At high suporcoolings (tVr=  7-4°C) the tendency 

to form fresh nuclei on the surface increased. 

This initial breeding occurs only once after the 

crystal has been immersed. 	Such breeding is probably 

due to minute crystallites adhering to the surface of the 

parent crystal and which are washed off when the parent 

crystal enters the solution. 	These crystallites are 

most likely to be formed during the :recess of rapid 

evaporation of the solution on the surface of the crystals 

when they are dried after removal from the magma. 	Also 

these crystallites con be formed owing to attrition Miring 

handling. 	That these crystallites are responsible for 

initial breeding is confirmed by the fact that any 

treatment to destroy the crystallites also eliminates 
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initial breeding. 

Mason observed that if the crystal of MgSO4, 7H20 

was grown previously at a low supersaturation of ar=1°0 

and then immediately impersed in the supersaturated solu— 

tion, initial breeding did not occur. 	Kirtisinghe12 

foun:1 that if a crystal of Benzophenone was ,:re—treated 

four some time at very low su7;ercooling G!t11 (100), then 
subsequent immersion of the seed in the melt led to its 

growth as a single crystal. 	No other nuclei were 

formed. 	Microscopic examination of the interface bet—

ween the parent seed and new layers of growth ,employing 

transmitted polarised light,revenled some small areas 

which had a iifferont extinction angle and therefore a 

different crystallographic orientation to that of the 

parent material. 	These were most likely the randomly 

oriented crystallites. 	These areas were eventually 

covered over with material of the sa:le optical nature and 

crystallographic orientation as that of the seed. 	This 

appears to explain the way the 'healing' of the surface 

was taking place, making it free from crystallites. 

In the present work, it was confirJed that the 

?eriod for which the crystal 'o.cad to be kept in the 

understurated condition in or.ler to eliminate the initial 

breeding process by dissolving away the crystallites en 
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the surface was sometimes unexpectedly long. 

NEEDLE BREEDING:—  It has been found that some crystals 

have the tendency to grow in the form of bundles of 

fibres in the direction of the long axis; when they 

are grown in a ratter strongly supersaturated solution. 

This occurs even in a stirred solution. 	When such a 

crystal is grown by rotating it in a highly supersaturated 

solution, these end growths can break off and constitute 

fresh nuclei. 	This type of breeding is called needle 

breeding. 	The fresh crystals are, in this case, pro— 

duced not from any extraneous nuclei, but from parts of 

the parent crystal being broken off. 	Needle breeding 

occurs only for the cases where the crystals have the 

growth characteristics mentioned above. 

Mason10 demonstrated the needle breeding process 

in the case of M004, 7H20. 	A seed crystal of MgSO4,7H20 

fixed at t'ae end of a glass—s#ke by Jurofix was 

first di-cped into a solution of supersaturationAT.,2oC 

and was kept t:-;ere for ihr. for the initial breeding to 

talce TD1ace. 	Then it was transferred to a solution of 

higher subersaturction. 	It aas bserved that atiOw50C 

the crystal grew in the direction of the long axis in the 

form of bundles of fibres. 	As the solution was stirred 
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by rotating the crystal, these end—growths and needles 

brolze off and .:,roauced fresh nuclei. 

SPLINTER BREEDING: — After the needle breeding process 

has occurred i.e. after the needles have broken off the 

crystal, a trailing shower of tiny crystals appears in the 

solution, within a few seconds. 	This is very likely due 

to the production of small crystal frigylants or splinters 

by the fracturing of needles. 

Mason13 observed this 3r,linter breeding in the co,se 

of 7Pr -,n1 also mgso4, 77 20 systems. — 

POLYCRYSTALLINE BREEDING:— Strickland—Constable and 'Anson10 

re7orte d in their :?a per thot under certain conditions of 

concentration a21 stirring the 7._(-2r crystal did not grow 

as a, single cubic crystal, but as a polycrystalline aggre— 

g-te. 	These crystals so.leti:_les trr,ke up spontaneously 

to give fresh crystals. 	This typo of breeding was called 

polycrystalline kreeding since it aTy;eared to depend on ipolycrystal— 

Aire 	of the crystal. - Then 	lycrystal is formed, n 

breeding will only follow if the forces holding the 

separate crystallites together are sufficiently weak. 

COLLISION BREEDING:— If one or aore seed crystals are 

pr'perly treated to get rid of initial brooding and are 
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then :;ut in a supersaturated solution, where they are free 

.rove an if the solution is agitated in such a way that 

the crystals collile between t72enselves or pith the wall 

the vessel, breedin;-_; 	7ith great re;—liness 

at ^cite low sup erscturations. 	This was cnlled collision 

7:reefing. 	It occurs in the case of solutions on ft also of 

melts. 	It is thought to be the :most inportant breeding 

moo aaism r,?erative in agitated bed crystollisers. 

Sane of the .bservations by idason illustrating 

collision or attrition breeding are cuoted below. 

In case of :ter solution, he states that13 

s:Anning crystal was lightly touched to the cell walls, 

no visible -,,articles being cletaced. 	After a few seconds, 

n sto-er of thousanfts of tiny crystals a7-2:.eared, suggesting 

that W72313 free crystals are allowed to collide with the 

:walls, attrition would be a very in-2ortnnt factor". 

For Mg5041  7E20 solution Mason noted, "Evidence 

that collisions between crystals leaf: to the production 

of new nuclei is foung in the fact that, once nuclei had 

been Toro duce in agitated solutions, the rate of pro- 

-7uction of nuclei greatly increased." 	Table below 

ou=arises sone of his observations. 	The times noted 

are tl' the times 1:ken the first few crystals were 
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-,bservecl an: t2, the tine when free crystals otliteratel 

the view of the seed crystal. 

aT°C 

TAELE — 113, 

Re 

Effect of collisions(E004, 7H20) 

t1  nin. 	t2 ..in.. 

10.2 2.0 2 8 

10.2 10.9 22 6 

10.2 30.2 3 4 if 

10.2 38.4 3 z 2 

10.4 2.9 2 6 

13.4 13.4 3 4 

6.9 7.8 5 25 

6.3 41.8 3 15 

:From this te:le it is clear that rate of breocling 

in the collision breeding 3process is extraor2incrily high. 

7hi/e fortion of fe7 nuclei -t 10.2°0 11T t,-'s.es nearly 

2 .2:inutes they lea: to for:_ation of tons of th.ousans of 

n,7clei within the next 6 uinutes only by the collision 

tree fling 

INTERPRETATION OF Won ON  BREEDING BY OTHER AUTHORS  

In the light of the results obtaine-1 by Meson, 

Xirtisinghe an of the ::resent investigations it seems 
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li Daly that the results of so Tie of the very few earlier 

researches involving breeding may be intermreted as follows: 

1. Ting and HcCabe5 noted that when small crystals 

were aided to a steadily cooled (2.4 - 5.0°C :::er hour) 

solution of H004, 7E20 at the sr..turQti--.n temperature, 

few crystals appeared at supercoalings between 0.5 - 1.5°C, 

wiAle a great sho-fer rf crystals accompanie.1 by a large 

7:leaf, effect apnearef 
	

sunercoolings between 2.0 - 3.7°C. 

Uner identical stirring conditions when no crystals were 

added no nuclei forL7.ed even at much higher sumercoolings. 

It is evident that the first crop of crystals in the 

above experi7lont was due to initial breeding, particularly 

because the sools were not ore-treated. 	Eowever as the 

cooling continued, these crystals also continued to grow 

until they 1,ecame large enough to breed flue to the collision 

breeding mec:r_anism in this stirred solution. 	Conser:uently, 

the s3con,7-1 crop of crystals was very liTsely due to the 

collision breeding process ta:ring p7tacc. 	Needle breeding 

was unli.loly to occur in this case, since we :now that 

MOO4' 2 7Y 0 crystals do not :'rev; lop needle grog the at - 

1\"04_5°C. 

2. ro,,rers6  re,:,orted that 77:11:: .7 fresh sucrose 

crystal was irrersef7, in a super saturate:' sucrose solution 

new crystals apn'earef: after 24 to 43 hours at the base 
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of the vessel(lue to initial breeding). 	Ee further 

found that whenever the -2nrent crystal 17.ras rotated in the 

solution nore nuclei very discarded fron the surface. 	tis 

a resil.lt of otservations lescribefl later, we believe that 

this was :ciso duo to initial treefling, because quite a 

large nunber of crystallites 	::dhere to the crystal 

surface and they can survive at slight superheat for 

eztracrdinarily long 1:eriods hec::use of extrataely low 

diffusivity in the highly viscous sucrose solution. 

3. Eeubel on: Devrainne7investigated breeding in 

oeueous s.i'lution of X/103. 	They added a snail crystal 

to a supersaturated solution of ZN03  stirred at 920 rpn. 

I=odiately after adfAtion of the seed, there was a crop 

of now crystals. 	S"on after large nu:Ibers of crystals 

a7:',7earel in the solution at a raly increasing rate. 

Undoubtedly the first crop of crystals was :Luc to 

initial breeding, 	while the oacen.l. crop was due to 

collision breeding. 

4. Work in which collision breeding ::ust 7,lay a 

large 77.rt 	re-;orted by 	an ileffit 11  

They i_irlorsel on; or .acre seed crystals sury.3orted fro= 
a gloss—s-: Lo into a saturated XCl sTiution 7ith a 

saturation tenperture of 50°0. 	The solution was stirred 

by a fl-t y _: .:le stirrer am:;. ':r-.o cooled at a constant rate 
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o",' 10C 	to AT = 122 	3°0. 	Plfter the desired 

:_grea of cooling, stirring ,-77:s stopped, the solution :IDS 

fi1tere2, the crystals were firicd .anf, sieve—nnalyse3. 

Thus ttc.e nur-ber of crystF,ls forraea WC.G czlculFted. 	The 

suan2ry of their resulto mre given in tbe.grapb. It is 

evi2ent that the number of crystals for-_4efl -?ewe of the 

or-ler of JO4  

In this once the 'priTzcry nuclei' formo -9. by the 

initial breed±ng after immersing the seefi gave rise to more 

nuclei in collision breeding. 	Thus successive generations 

of nuclei ivere formed , grew an 9  le:a to further breeding 

by collision. 	There 721S no control over the number of 

crystals invl%lvef: in the collision breeding '.;rocess and. 

also the existing suporsnsturation 77-18 unknown, since tere 

was ra-Ad crystallisation. 	Onnseuently 70 do not get 

an accurate picture of 	froze these e=ori— 

nts. 

The above interpretations ill to justified by the 

res;,:lts :f the present 7o27.1. 
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CHAPTER III  

Tto 7resent cater gives full ex79erimental results 

o all tho e=orincints corried out by us. 

A short list of headings of the different ezpari—

mentl t-)2ics hr.s alrea -.y been su;;lief in tZlle Gonaral 

Ihtr^ action. 

1. METHOD OF PRE—TREATMENT OF SEED CRYSTAL TO GET RID 

OF INITIWBREEDING  

7or the study of collision treefling, nro-ser experi—

nental onnf,itions must to found in wLaich other types of 

brooding can to avoided. 

1.1. Previous tochni,:.ues:— 

Hason13 foun?1 thot wen o  seed crystal of MgSO4,71:120  

is gro7n of 	AT ( ..•;.; 2°C) ca'': is then inneintely 

transferred to n sw:,.crsaturatefl solution, initinl breeding 

does not occur. 	There ore soile inherent difficulties in 

this method. 	In the first 	is seen thot if the 

tronpfer of sood is not 7111LC-4 enough, t.::ere is eva-2orntion 

of t'io solution loyar Iron the surfnce of the crystal, 

te in loo-aing to de::osition of crystallites on it. 	Me  
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turn give rise to initial breeding. 	Secondly, in our 

nresent experiments the seeds are left free in the solu- 

tion (i.e., not fixa-1 to e glass-spike). 	Consecuently, 

they have to to transferred 4ith forceTas, which can 

5.nnage the crystal cectanically. 	Third/y, the force es 

the-isolves can introduce extraneous nuclei. 	Conseuently 

r, nor' L:ottod of seed treatment had to be f::uln.d. 

1.2. The present techniclue:- 

It is telieved that the initial breening is due to 

crystallites or crystal dust :;:resent on the surface of the 

seed crystal. 	These crystallites are of such a small 

size tht they have n higher 	than the parent 

crystal. 	Conseq,,uently when ouch a seed is introduced 

int a suporheted solution of the sate substance these 

crystallites will dissalva cway ,such faster than the .crcnt. 

Ey trial and error we we2e aTzla to fins the proper dura-

tion ,11,1 degree of superheat at which all the surface 

crystallites fliss7lvef.a-/cy while the sec.': crystal itself 

still re=ined, though it nay dissolve partially. 	More-

over V3e weight of the seed crystal is so negligible 

c--upare-', to the -weight, of the total solute in the solution 

the change in concentration of the solution by 

7Lissoluti-n of the crystallites and -=t of the seed is 
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negligible. 	Consecluontly we can carry out this seed 

treatment operation within the exparillental cell itself, 

and avoid exposing the solution to extraneous nuclei. 

1.3. Experimental details  

A solution of M004, 7220, prepared gravitimetrically 

so as to to saturated at 35oC, is heated at a temperature 

of 45°C, i • • a superheat of 10°C, for ne:rly 11 hours. 

The treat:lent is found to be sufficient to eliminate any 

- otential nuclei. 

Then the solution is cooled to 40°C, i a • • I a 

superhent of 5°C, and the seed crystal (2-3 :?En long) in- 

tro-luced. 	The solution is then stirred for 3 to 4 

minutes;  in order t-  liscard any crystallites, off the 

crystal surface, which eventually dissolve. 

After this the solution is cooled down to 36°C 

(i.e., n suporheat of 100) over a ; riod of nearly i hour. 

The s::lution is maintained at t-'is L.upertent for anoth r 

1 hour. 	It is then cotLed down to the 'iesiref degree 

-f supersottlration an.1 is ready for the collision breeding 

ezcerifaents. 	Similar experiiionts are carried out for 

solutions with T5  = 38o cnd 40°C; the degree and dura- 

tion 	su7;erheat tratment are found to to the same as 

for T, = 35°C. 0 
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These experimental conditions of seed 

treatment are found to be adequate for the K01 and 

KBr systems as well. Slightly different conditions 

are observed with other substances and the se are 

sumnPrised in Table 2. 
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TABLE No. 2  

EXPEaIMENTAL CONDITIONS Foa PaE—T2EATMENT OF SEED TO 

ELIMINATE INITIAL BREEDING  

System Degree of 	Degree of 	Time of 
subsaturation subsaturation cooling 
Air, at which AT2 to which down from the seed is 	the solution 421. to 
put in the 	is then cooled 4NT2 
solution 	donal 

Time of main—
taining the 
solution at 
the subsatura—
tionaT2 

Magnesium 
sulphate, 
hepta—
hydrate 

5°C 1°C .1.hr.  2 •- • 2 r. 

Potassium 
5oC chloride 1oC 	xrny. 

Potassium 
5oC bromide 1°C +hr. 

7 hexam 	oC ine 	0 C lhr. lhr. 

Sucrose 	10 C 
	5°C 	2hrs. 	40hrs. 
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2. DETERMINATION OF DEGREE OF SUPERSATURATION UP TO WHICH 

MgSO4, 7H20 CRYSTALS CAN BE GROWN WITH PERFECT FACES. 

7hen I'igSO4, 7H20 is gro-ln from a,ueous solution 

various imperfections are foun.1  to be incorporated; for 

instance, it has .already been soon that at aboutAT>5°C 

needles eon grow out of the ends; but other iroorfections 

such as inclusions are also observed to occur. 	Since the 

-n•eseace of im2erfections in the crystal is -zeliovot to 

affect the tea:le:ley to collision breeding, it was necessary 

to study under what crnitions these flaws are Troduced. 

2.1. Review of -orevie,,:s works:— 

hiao:r13  grow MgS041  7E20 crystal from unstirred 

s-.Iutions at differont sur--;:coolings and studied their 

degree of 7;erfootion. 	According to him in unatirre':: 

c - lutions "ut to a su7•ercooling of 3°C the crystals were 

173rfectly transperant an,d vary well develoDed. 	At super— 

colings a",o2roact,ing 500, 	ight fla:letion vail developed, 

t:.a cloudiness being cause by inclusion of solution. The 

veil becaae nore pronounced 	at supercoolings of about 

8°C on essentially hollow crystal was I;roduced, de7leted 

selution being tra-zed by the growth which occurred around 

it," ( Page 24  ) 
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However, if we study the photogra-9hs carefully, we 

find that the crystals tend to become :ore perfect as the 

supersaturation at which they are glo-m becorics 107er. 

The crystal grown at the lowest ATcf 2.8°C by Mason is 

nearly connletely Terfect except a minor flaw in one of 

the faces. 	This suggests that it nay be possible to 

gro7 a perfect crystal at some 411-<2.8°C. 

For stirred solutions Lason13 shows ;hotographs 

of crystals grown ct4T= 3.9°C an,  above. 	L11 these 

crystals hEve imperfections in the ends. 

It w.:s tterefore necessary to re-examine the 

zuestion ex7.3erimentally. 

2.2. ExeriLlental det.-.11s:- 

Gravitinetrically, a solution of 1.1.rSO4, 7H20 is b  

having the saturation temperature of 38°C. 

The solution is filtered into the experi:Jental 

cell, I 3rsoi in the constant te:_perature bath and is 

'2eato.:1 at LO°C for one t-ur. 

It is then cooled f::-,Vra to 43°C i.e., a supe:heat 

of 5°C. 

1 seed crystal attached at the end of a glass-spike 

by arclfite is then lowered into the slution. i r-r he 

glass-s-Alze .:assos through the glass stirrer guide fixed 
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to the rubber stoTiper• and is coupled to the motor shaft 

(dig. 1). 

The seed crystal is rotated for 3 to 4 ninutes. 

The solution ten77,orature is then 10 ere: to 39
o 

i • 
	 a superhont o 1°C an2 is kept at this temperature 

fo M 
	 N t aour. 

Lfter this 7:re-treatmnt of the seed, the s:lution 

is coole' f_e-in to the 	up'ere so: ing ofb,T=1,2,3 , 

4 	5°C Pnf. is i opt at that tee erature with en 

accuracy varying frojo '0.05°to 1-0.1°C. 

In the unstirred r,:.na l  the crystal is wont station- 

ary in the solution on is gro7n at constantAT. 	The 

crystal se,:f fioes not C3MO in contact 7ith the glass wall 

33 the vessel f.uring grs7th. 

No other nuclei is seen in the solution, which 

means th:t the pre-treatnent of the cocci  crystal has been 

sufficient to eliminate initial breeding. 

In the stirred runs, the crystal is grown whilst 

rotating it at e sl3toe:1 of nearly 600 rpm, at constant 

supercooling. 

In both te stirred and unstirred runs, when the 

crystal has grown to a longth 	:early 5 ion, it is held 

stationary in the co:7_tion. 	Then its faces, edges and 

corners are studied in the mioroscoT;o, in or for to .:letoct 
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any flaws, Ilss of tr:'noparency, veiled or hollow gro7th 

etc. 

2.3. aeeults (using f/a7less seed crystal):— 

a) ktxr= 1°C, it 77'S 	th7lt the treated. seoa 

crystal gro-,s with ; rfect f. ces , ex:ail:its no opnque 

orticns and contains no flaws at tho ends; and this was 

true whether the solution ITdr0 stirred or unstirred. 

Eo7ever, if the seed contrlined flaws, the crystal 

groin out of it eve..atually contained flaws. 

b) dA pa= 2o 	3°C, the seed crystal was found 

to grow with perfect faces, free fre:: yaws nnft opacjuo 

porticos, only wham it vies  gr'7.%wn in stirre s:?lution. 

Then it 77"'s grown in unstirref. solution in nost cases it 

grew with flews parallel to the 'dr and Tor. faces. 
..--owever, if the seat c,mtainad flaws, the crystal 

grown out of it alco continef flaws in both stirred anf, 

unstirred runs. 

c) .40-= 40C anfd above, the seel crystals in 

.-!lnc,st all the cases were found to grow with flaws even 

when the seed of rotation of the seed ws higher tAan 

600 r7 n. 	Eowever no seises were seen unless the seed 

crystal was grown at Alr>7°C. 
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2.4. Conclusion:— 

From the above observations we conclude tat it will 

ba safe to carry out collision breeding ex-yerinents with 

igSO4, 7E20 within a ouT;ercooling of 3°C, using n flaq—

lass see, es:;acially if the solution is stirred during 

the run. 	These flaws :lust ba avoide i since they ar.)paar 

t^ increase t;::e tonqoncy to collision breeding. 

it• 
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3. COLLISION BREEDING EXPERIMENT WITH MgSO4, 7H20 SYSTEM 

USING TREATED SEED 

3.1 	The main object of these experiments was to deter— 

mine the rate at which breeding of new nuclei occurs when 

a treated seed crystal of MgSO4, 7H20 slides across the 

bottom of the experimental cell, containing a supersaturated 

solution of MgSO4, 7E20. 

In these experiments, the solution is stirred by a 

propeller and the added crystal consequently tends to 

slide along the bottom of the vessel. 	Sometimes however,  

the crystal is too heavy to slide or is so light that it 

is carried up into the body of the solution. 	In these 

cases the breeding rate is low. 

The nuclei formed in each collision breeding run 

are allowed to settle down on the bottom of the cell, 
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nna to gro7 until they are visible. 	These nuclei are 

counte0 in situ. 

The onxiLma norioa of stirring is linitted by the 

maximum number of nuclei which can be counte.:1 in situ. 

In the particular set u this mnxirdun nuuber is about 250. 

The :12Lxinun su:7,ercooling which can 	used is 

LNT 3CC, since no sho7rn in section 2, the crystals 

bocrle finTe-1 -when grown at greater supercooling. 

The ex7,'eriment is so designe that during o parti— 

cular run the su...);:rocturation of the solution remains at 

a filw 	Censwzuently the effect of straersaturation 

on breeding rate can ice 	accurately. 

3.2. EzT.:erif:ental details:- 

11 solution f, Idg30z, 7E2C '•naving the saturation 

te71;on'ture 38°C is 1:re -.:2nroft gravitimetrically and is 

filtered into the ex?oriz:octal cell (Fig.l), having a 

ca-aacity of 253 c.c. 

The cell is then 21nce3 in the constant temperature 

bath and ti-_e stirrer innersccD in the solution. 

The solution is hete:I. at 4360 for nearly one nnfl 

h-lf hours . 	Ey trial runs it is f2-,:nd that this degree of 

superheat is sufficient to destroy all potential nuclei. 

Then the both te_;ernture is 3.-n:0re, to 43°C. 



45. 

At that instant, a 	seed crystal, nerly 2mm long, 

is dropped into the solution by 31i fitly opening the 

rubber stopper which is closed again. 

The solution is inmediately stirred for nearly 

three ninutes to dislodge any crystallites from the sur— 

face of the seed and then the solution is left stationary. 

The bath temperature is then cooled .:oven to 39°0, 

i.e., a superheat of 1°C over a ;eriof, of half an hour. 

It is ?sent of this te.iiperature for another half hour. 

J-fter thi2 pre—trentuent process, the solution is 

cooled t gin to the desired supersaturation within the range 

A7'.. 1°, 2°  and 3°C. 

Initially, soy e trial runs 7ere carried out to 

ctec:: whether all the crystallites introduced with the 

seed c-rystal were dissolved. 	In these runs, the 

solutia containing the treated seed was ke::t ata=1,2 

an,. 3°C supercooling for nearly 4 `ours. 	:However, at 

ti end of the run it 7"2S found th7.t the seed crystal had 

grown to a larger size, but 	other nuclei at any ether 

part of the aolution and been -.2.roduce.q. 	This 7droved thc.t 

the seed treatnent proceed had been successful. 

Then the solution is stirred for a fixed period 

ranging frog: 10 to 60 seconds. 	The :2attern of seed 

movencnt is observed carefully. 	The 73osition and speed 



46. 

of the stirrer are so adjusted as to give the maximum. 

sliding action of the seed. 	If in any runs those condi-

tions chr..nge, as. t"-.:ere is poor sliding, then noor breeding 

reszlts. 	Those 7:oints are indicated below. 	In these 

eayAoriments we ma..7e the cuolitative classification of 

different types of sliding actions of the scads. 

a)Good sliding:- The seed consistently slides across 

the bottom and side wall of the cell. 

b)Medium sliding:- The seed =ves in the bulk of the 

solution with occasional sliding across the botton 

of the cell. 

c)Poor sliding:- The seed neves in the bulk of the 

s-Jution. 	There is no sliding of seed exce‘z.t 	the 

initial sliding action in rising frau the bottom 

the solution bulk. 

Juring the period of stirring no visible nuclei 

are fori2e], 03 -16:1C1t, 	supersaturation remains constant 

during this .:2eriod. 

LITt.,:r the stirring is over, the solution is kept 

unstirred at the constant ou,;.ersaturation until all the 

nuclei bec:ile visible. 	- To-ever, all the nuclei do not 

become visible sinultaneusly. 	Taping OD: 10 runs their 

tine spread is shown in Grai;11 1, and in Table 3. 	Fir-)11 

the gra7h and the table, 70 see that the tine required 
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for all the nuclei prof,uced in the.Collision breeding run 

to become visible vr.ries with the degree of supercooling 

anft is given belo7 

atJaT= 1°C, the time recLuired = 285 minutes 

7.ttiT= 

117-= 

2°C, 

3°C, 

= 

= 

75 :iinutes 

58 minutes. 

Conse;uently, after stirring is over, the solution 

is ' t at the 07nenTfor the corres-:onfing -;:oriod 

mentioned stove. 	Then the nuclei resting at the bottom 

of the 	are counted visually. 

The same solution is used again for other breeding 

ez;crimants at different supercooling on3 for different 

sti=ing time. 

3.3. Jesuits of the ex-:orftent:— 

The az.-:poriment.7,1 res2lts arc supplied in table 4 

;lotted in Grn-;hs 2,3 and 4. 

In gral's 2 and 3 the n=bJr of nuclei produced in 

colision broo-Ung ez-;eriL:ont is 7:lotted J:gninst the 

.-Deriod of stirring. 	ca 7lot corres-,:onds to the 

r•-• • 
e;r1;erimentn1 results -„lerfor med at a constantAl. The 

points corresonding to the runs 7ith good sliding, medium 

sliding and 000r sliding are corked accordingly. 

, .4, the average nu::lber of nuclei, 

znf 

as 
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found from the ne'm lines .-)f Gr2,7hs 2 an,1 3 are .;lotted 

ogE,inet the 7.eriod of stirring. 	The different lines 

corres7and, to different AT ns noted on the Grar2a. 

Those results ore discussed later in section 4.4. 

0011...11•11.111 
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TABLE No. 3  

TIME DISTZIEUTION OF NUCLEI BECOMING VISIBLE AFTER Ti11Y 

..?..ODUCED BY COLLISION BREEDING EXPERIMENT USING 

TAEATED SEED 

(MgSO4, 7H20 solution with Ts = 38°C) 

(Time of stirring = 10 seconds) 

iNT°C 
	

Time after stirring 	Number of nuclei 
Minutes 	becoming visible 

	

0 	 0 

2°C 
	

25 	 2 

	

40 	 9 

	

60 	 17 

	

85 	 18 

	

100 	 18 

3°C 

	

0 	 0 

25 	 6 

30 	 14 

35 	 30 

41 	 35 

47 	 51 

53 	 64 

60 	 70 

80 	 70 

	

100 	 70 

Tine recuired for all the nuclei to become visible at 
= 3°C = 58 minutes 

11 	9 	11  at 1ST * 200 = 75 	minutes 
11 	11 	 tt 	9 	11 	11 at 	= 10C = 285 minutes. 
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TABLE No.4  

RESULTS OF COLLISION BREEDING EXPERIMENTS WITH  

MgSO4, 7H20 SOLUTION OF Ts= 38(1C USING TREATED SKND 

RUN No. Super-saturation 
2%To C 

Time of 
stirring 
seconds 

Number of 
Nuclei 

Type of 
sliding 

78 1 20 7 Medium 
79 1 60 82 good 
80 1 40 31 good 
81 1 32 34 good 
82 1 10 28 good 
83 2 15 41 good 
84. 2 15 13 medium 
85 2 10 3 poor 
86 2 25 168 good 
87 2 10 140 good 
88 3 15 245 good 
89 3 30 286 good 
90 3 20 69 good 
91 3 10 6 poor 
92 3 15 118 good 
93 3 20 130 good 
94 3 30 263 good 
95 3 10 0 poor 

..,6 3 15 65 medium 
97 3 40 202 medium 
98 3 30 425 good 
99 3 30 220 good 
100 2 45 404 good 
101 2 15 123 good 
102 2 30 212 good 
103 2 45 290 good 
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Table 4 cont.. 

RUN No. Super—saturation 
AT°0 

Time of 
stirring 
seconds 

Number of 
nuclei 

Type of 
sliding 

104 2 40 '306 good 

105 2 30 178 good 

106 2 40 233 'good 

107 1 15 24 good 

108 1 40 52 good 

109 1 25 34 good 

110 1 50 47 good 
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Time of stirring , seconds 

GRAPH N9 - 3 
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4. COLLISION BREEDING EXFERIMENT WITH ?AgSO4, 7H20 USING 

UNTREATED SEED 

41 	Some collsion breeding experiments were also 

carried out with untreated seed crystals of MgSO4, 7H20. 

This was 7rimarily to observe, how far the initial 

breeding process affects the collision breeding results. 

The maximum supercooling used in these experi—

ments was AT = 3.0°C and the period of stirring limitted 

to 15 seconds to avoid production of excessive nuclei. 

4.2. Experimental details:— 

A solution of Mg304, 7H20 having the saturation 

terlperature 38°C is prepared gravitimetrically and is 

filtered into the experimental cell (Fig. 1) of 250cc. 

earacity. 

The cell is Diaced in the constant tenperaturOath, 

the stirrer is immersed in the solution cad is fined to 

the motor shaft. 	The rubber stopper carrying the stirrer 

guide is tightened to the flask neck. 
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The solution is then heated at 48°C far nearly 

hours, (as in section 3) to eliminate any potential 

nuclei. 

After this th solution is cooled down to the 

desired degree of supersaturation, which in this case 

varies over AT= 1°,2°  end 3°C. 	The solution is kept 

at this su7Dersaturation for ne7,-,:qy 	hour. 

Then a seed crystal noorly 22:1 long is -7roTiped into 

the solution. 	The re:laining details are as in the runs 

in section 3. 

4.3. Re alts of the e=riments:— 

The exT;.eriental results are wly,plief: in Table 5 

and are ,:lotted in Graths 5,6 am71 7 in the saue way as 

was :one with the treated seed results. 

• 
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TABLE No.5 

RESULTS OF COLLISION BREEDING EXPERIMENTS  

RUN No. 

Saturation Temperature on  3800 

MgSO4, 7H20 solution 

Number of 
Nuclei 

Type of 
sliding 

(Untreated seed) 

Time of 
stirring 
seconds 

Supersaturation 
ilT°  C 

48 1 15 169 good 

49 1 10 159 good 

50 1 10 167 good 

51 1 5 72 good 

52 2 15 425 good 

53 2 10 241 good 

54 2 5 16 poor 

55 2 5 120 good 

56 1 5 61 good 

57 2 8 134 good 

58 3 6 136 good .  

59 3 15 27 poor 

60 1 10 128 good 

61 1 5 34 good 

62 2 10 250 good 

63 2 10 18 poor 

64 3 15 393 good 
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TABLE 5 cont.. 

RUN No. Supersaturation Time of Number of Type of 
ZNT°  C stirring 

seconds 
Nuclei sliding 

65 3 10 70 poor 

66 1 8 85 good 

67 1 12 147 good 

68 2 5 138 good 

69 2 8 214 good 

70 2 12 283 good 

71 3 5 171 good 

72 2 15 356 good 

73 3 8 248 good 

74 3 10 310 good 

75 3 12 358 good 

76 3 10 276 good 

77 3 15 440 good 
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4.4. DISCUSSION OF THE RESULTS WITH TREATED SEED 

In spite of the scatter, the general trend of the 

results is clear. 	For example at constant the number 

of nuclei 7,1roduced by collision breeding increases with 

increase of stirring tine. 	At constant stirring time the 

number increases significantly with increase of super—

saturation. 

The mean straight lines drawn through the 

experimental points show this general trend of the results. 

Our subseciuent conclusiols are based on these mean lines. 

4.4a Effect of type of sliding on collision breeding rate:— 

From the points plotted on the graph 3, it is ob—

vious that whenever, the sliding action is not good, much 

fewer nuclei are produced than under good sliding conditions. 

This means that effective contact with the walls is 

necessary for a high collision breeding rate. 

4.4b Collision breeding at very low supersaturation with  

good  sliding of the seed:— 

Even at AT of 1.0°C, breeding occurs readily under 

the above conditions. 	At.6T = 3°C very numerous nuclei 

are .,3roduced, eg., about 100 in 10 seconds of stirring. 
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4.4c. Effect of stirring time on number of nuclei  

At a constantaT, the number of nuclei produced 

tends to increase linearly with time of stirring. 	This  

is what is expected if, as seems evident, there is no 

second generation of breeding, produced among the new 

nuclei, which are too small to give rise to effective 

collisions. 

DISCUSSIONS OF THE RESULTS WITH UNTREATED SE D. 

4.4d. Effect of stirring time on number of nuclei 

produced:- 
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In this case also we find that at constant 

AT, the number of nuclei produced tends to increase with 

the time of stirring. This increase is linear within 

the period of stirring observed. 

However, unlike t. the treated se0d,in this 

case a certain number of nuclei must have already been 

formed in the solution before stirring starts. This is 

expected, since the sedd being untreated its immersion 

in the supersaturated solution will lead to initial 

breeding. 

4.4.e Probable reasone of difference in collision breeding  

rate with treated and untreated seed. 

From Graph 8a, it is clear that the collision 

breeding rate with untreated seed is much higher than that 

with treated seed. This can possibly be explained in 

the following ways, — 

(i) Effect of crystallites present on the surface .of 

the seed. 

(ii) Effect of surface healing. 

(i) It is possible to imagine that there may be present 

on the surface of the seed crystal not only rather loosely 

bound crystallites which fall off readily on immersion in 

the under-saturated solution, but also a number of more 

strongly held crystallites which do not become detached 
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until the crystal rubs against the wall of the vessel. 

Thus in addition to the nuclei produced by collision 

breeding an even larger number of these discarded nuclei 

will be produced. As a result, the net rate of breeding 

with untreated seed is much higher than with treated 

seed. 

If therefore this mechanism is to be accepted, 

it must be supposed that by no means all the firmly bound 

crystallites will have been rubbed off in 15 seconds. 

It would be of interest therefore to try to prolong this 

experiment to see if the breeding rate falls back later 

on to the rate observed with treated seeds as it must 

do when all the stray crystallites have been rubbed off. 

(ii) 	The second way of explaining this large difference 

of breeding rate with treated and untreated seed is to 

suggest that some form of surface healing occurs in the 

case of treated se:.•ds. 

As is stated earlier, the seed treatment 

operation is carried out by dissolving away the crystal-

lites on the surface of the seed. Then the solution 

temperature is lowered to the desired degree of super-

saturation, and is kept at that AT for nearly 5 minutes 

before stirring the solution. This means that the treated 

seed has been exposed to a low supersaturation for a short 

time. It is quite likely that the crystal has grown 



70. 

slightly in this short-time and smoothened out its surface 

considerably. This can be described as some sort of 

surface healing which lowers the collision breeding rate. 

4.4.f Effect of 4T or supersaturation on rate of  

collision breeding:- 

For the collision breeding runs with the 

treated seed, we see that the breeding rate increases 

by a larger factor as AT increases from 100 to 20 a 

than that when AT increases from 2°  0 to 3°C. 

A theory to explain this is given at the end 

of the thesis. 
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5. 	BREEDING EXPO{ IZENTS WITH TREATED SEED SLIDING OVER 

A SMOOTH GLASS SURFACE UNDER A SUPER-SATURAThD SOLU—

TION OF MgSO4 , 7H20. 

5.1. 	In the preceding sections, experiments in which 

the crystal moved rapidly over a glass surface were des—

cribed. 

The object of the experiments of the present 

section was to study the breeding due tp a crystal moving 

extremely slowly over a glass surface. 

5.2. 	Experimental  details: 

The test cell consists of a horizontal glass 

tube of 1" intenral dia (Fig.2). Both of its ends are 

bent vertical and a third limb is fitted vertically to 

the horizontal tube midway between these end limbs. The 

central limb holds a thermometer in a rubber stopper. 

The cell is first cleaned with chromic acid, 

then with distilled water and is subsequently dried by 

heating with a flame from outside. 

The solution of IVigSo4, 7H20 prepared graviti— 

metrically for a saturation temperature of 38°C is filtered 

into the cell. Both the side limbs are closed with rubber 

stoppers and the thermometer is inserted. 

The cell is put inside the constant temperature 

bath and is kept at 48°0 i.e. a superheat of 10°C for 1* hours 
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The solution is then cooled down to 4300, i.e. 

a superheat of 5°0. At this instant a seed crystal is 

dropped into the cell through one of the side limbs which 

is then closed again with rubber stopper. 

The solution is cooled down to 39°0 i.e. a 

superheat of 1°0 over nearly -I-- hour and is kept at this 

superheat for another hour. 

After this pre-treatment of the seed, the 

solution is cooled down to the desired supersaturation 

and is kept there for 10-30 minutes to grow it to the 

desired size. 

Any flaws contained in the seed are dissolved 

away during the pre-treatment operation, so that subse-

quently it grows with perfect faces when the solution 

is supersaturated. 

When the seed has grown to the desired size, 

the cell is tilted through a small angle (nearly 10°) and 

thus the seed is allowed to slide at a very low velocity 

from one end of the cell to the other. The time of move-

ment of the seed to the lower and is noted and also its 

final size is measured. 

Then the cell is made horizontal again and is 

kept at this constant 6T, until all the nuclei produced 

by the sliding action of the seed become visible. 
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After counting the nuclei and noting their 

positions in the cell, the solution is superheated, the 

nuclei and the seed are dissolved and the cell is ready 

foranother run. 

5.3. 	Results:- The results are given in Table 6. 

For each value of ZIT, we have experiments with seeds 

of varying sizeseFor each experiment, the number of muclei 

produced is recorded. In most cases the crystals were 

without visible flaws; in some cases however flaws 

were present and this is noted in the Table. 

Flaws consisted of inclusions, loss of transparency an 

the crystal surface and sometimes criss-cross fractures 

of the surface. 

The results of table 6 are plotted in Graph 9. 

The size of seed crystal is plotted against AT. Each 

point represents a run; and the symbol shows whether 

any breeding has taken place or not. The points accompa- 

nied by breeding can be roughly divided by a straight 

line from the points which are not so accompanied. 

In these experiments the weight of the seed 

crystal minus the buoyancy force is the only force of 

contact between the seed crystal face and glass surface. 

This is of the order of 3 x 10-3 gms. Secondly the 

sliding velocity is very small varying from 1 inch/min 

to 1 inch/6 min i.e. 5 ft/hr to 10"/hr. 
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TABLE No.6.  

RESULTS OF BREEDINGBY.SLOW SLIDING OF TREATED SEED OF  

MgSO4WH2O OVER SMOOTH GLASS SURFACE UNDER SUPERSATURATED 

SOLUTION OF MgSO4WH20 HAVING SATURATION TEMPERATURE 38°C. 
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Run 
No. 

III 

112 

113 

114 

115 

116 

117 

118 

119 

120 

121 

122 

123 

124. 

AT 

2°  

2°  

2°  

1.5°  

2°  

2°  

2°  

3 

3°  

3°  

3°  

3°  

3°  

3°  

Angle of 	Time of 	Size of 	Distance 	Size of 
inclination travel of 	seed at 	of travel seed at 
of cell 	seeds,min. beginning inches 	the end 

mms. 	mms. 

10° 	3o 	5 	5 	6 

10° 	53 	4.5 	5 	5.5 

10° 	17 	2.5 	4 	2.8 

16°. 	8 	4.85 	5 	'4.87 

16° 	4 	3.8 	5 	3.8 

16° 	11, 	3.45 	5 	3.5o 

16° 	7 	5.45 	5 	5.48 

10° 	37 	'4.0 	5 	4.5 

10° 	20 	3.0 	5 	3.4 

16° 	12 	5.0 	5 	5.2- 

16° 	3 	4.3 	4 	4.35 

10° 	28 	'2.0 	5 	3.0 

10° 	32 	3.0 	5 	4.0 

10° 	34 	3.2 	5 	3.8 

Average Type of 
size 	seed. 
seed 
mms. 

5.5 	Flawless 

5.0 	Flawless 

2.65 	Flawless 

j4.86 	Flawed 

3.80 	Flawless 

3.48 	Flawless 

5.47 . 	Flawless 

4.23 	Flawed 

3.2 	Flawless 

5.1 	Flawless 

4.36 	Flawless 

2.5 	Flawless 

3.5 	Flawless 

3.5 . 	 Flawed 

1 Middle of 
path. 

0 

0 

55 	Scattered all 
along the path. 

3 . Clustered at 
top end. 

0 

8 	Clustered at 
top end. 

18 	Scattered all 
along the path. 

1 	Near bottom end. 

	

8 	Clustered at 
top end. 

	

11 	Scattered all 
along the'path. 

0 

9 	Scattered all 
along the path. 

30 	Scattered all 
along the path. 

Slow self-induced motion in the 
beginning. 
Slow self-induced motion initia-
lly sliding with intermittent :1..„ 
slop. 

Fast self-induced motion in 
direction of slope initially. 

Self-induced motion at both 
ends. 

To and fro motion at top end. 

Self-induced motion at bottom 
end. Sliding with intermittent 
stops. 

Sliding of seed with inter-
mittent stops. 

Self-induced motion in the begin 
ning. Sliding with intermittent 
stops. 

Self-induced motion at both ends.  

Sliding with intermittent stops. 
No self-induced motion. 

Self-induced motion in the begin. 
ning towards direction of slope. 

Uniform sliding: 

Self-induced motion at both 
ends. 

Uniform sliding. 
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TABLE No. 6 Continued.  76 0 	 I) 

Run 
No. 

2IT Angle of Time of 	Size of 
inclination Travel of seed at 

of cell 	seeds,min. -beginning 
mms. 

10° 
16°  

25 

12 

2.3 

2.8 

16°  7 3.1 

16°  8 5.4 

160' 5 2.0 

16°  9 4.1 

16°  4 1.5 

10°  30 2.5 

100  37 ' 4.6 

10°  27 4.0 

Distance Size of Average-
of travel seed at size 
inches 	the end seed  

mms. 

2.8 Flawless 0 

3.0 Flawless 10 

3.2 Flawless 7 

5.6 Flawless 8 

2.15 Flawless 0 

4.3 Flawless 12 

1.6 Flawless 0 

3.0 Flawless 0 

5.15 Flawless 4 

4.5 Flawless 3 

mms. 

5 3,3 

5 3.2 

5 3.3 

5 5.8 

5 2.3 

5 4.5 

5 1.7 

5 3.5 

5 5.7 

5 5.0 

Remarks. 

Self-induced motion not seen. 

Self-induced motion near top 
end. 

Self-induced motion near top 
end. 

Sliding with intermittent stops. 

Uniform sliding. 

Self-induced motion noted. 

No self-induced motion. 

Self-induced motion at bottom 
end. 

Self-induced motion of seed in 
beginning . 

Self-induced motion noted. 

Type of Number Distribution 
seed. 	of of nuclei. 

Nuclei 

125 3°  

126 4°  

127 4°  

128 LI-°  

129 4°  

130 4°  

131 4°  

132 2°  

133 2°  

134 2°  

Clustered near 
top end. 

Scattered all 
along path. 

Scattered all 
through path. 

Scattered all 
along the path. 

Scattered all 
along the path. 

Near top end. 
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Thus the very small weight of the crystal and its 

extremely low velocity of movement make it highly 

improbable that the seed crystal breaks during sliding. 

5.4. Conclusions:— From the above results we can draw 

the following conclusions:— 

(a) There appears to be a tendency for breeding 

to depend on size. At each AT, breeding only occurs with 

crystals above a certain size. 

(b) The number of nuclei formed also appears to 

increase with increase in the area of contact between 

seed and glass. 

(c) The presence of visible flaws in the seed 

leads to the breeding of a larger number of nuclei than 

with flawless seeds. 

This effect of flaws is very pronounced, and 

it will be seen from the table that in every case a visibly 

flawed crystal gave rise to a very much larger number of 

nuclei than petfect crystals. Thus the flawed crystals 

never produced less than 18 nuclei whereas perfect crystals 

never gave more than 12 and in most cases much less. This 

result is so striking as almost to suggest that breeding 

must always be due to some sort of crystal imperfection 

even if not visible. 

(d) The number of nuclei appears to increase with 

supersaturation as shown in Graph No. 10a and 10b. This 
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is in conformity with our earlier observations. 

5.5. Observation of self-induced motion of the seed:- 

In the course of these experiments, an in-

teresting side phenomenon was observed. After the crystal 

had grown to a certain size (nearly 3 mm) it started 

moving by itself. Usually, the long axis of the seed 

was parallel to the axis of the horizontal tube and in 

these cases, the seed often moved unifixmly along the 

length of the horizontal tube. This motion occured when 

the tube was kept horizontal i.e. before tilting. When 

such motion had started, it could be stopped only by 

tilting the tube in the opposite direction. 

In those cases where the long axis of the sedd 

was perpendicular to the axis of the horizontal tube, 

the seed tended to climb up the cur-ged wall but even-

tually it fell back and in this way it underwent a to 

and fro motion. Sometimes during this to and fro motion 

the long axis of the crystal aligned itself with the axis 

of the horizontal tube. When this happened the seed 

started moving unfiormly along the tube. 

This motion only occurred for crystals between 

3 to 5 mm in length. Such motion did not occur in super-

heated solutions. These facts preclude the idea that the 

motion of the seed is due to vibration of the apparatus. 
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5.6 Effect of self-induced motion  on breeding:- 

When the seed undergoes to and fro motion at 

a certain point in the cell, large numbers of nuclei 

are found to be clustered around this point at the end of 

the ran. 

5.7 	Discussion:- 

5.7.a Effect of size 01 124 2m2-121aajatailag 21  

different degrees of super-saturation. 

It is noted from Graph 9 that there appears 

to be a minimum seed size for breeding to occur at a 

certain degree of supersauuration or 	T. If the 

crystal is smaller than this minimum size breeding 

does not occur. For example, 

at AT = 2°C, minimum size of seed crystal = 3.65 mm 

It LT = 300, 	n 	n 	n 	n 	= 3.00 mm 

If  AT = 400 , 	tf 	 If 	 If 	 = 2.40 mm 

Evidenlay, the minimum size decreases with 

increase of supersaturation. This can be explained as 

follows. If we postulate that the larger the force of 

contact between crystal and glass, the larger the size 

of nuclei produced during sliding; then for each super-

saturation there will be a seed size which will be large 

enough to produce nuclei of a critical size corresponding 

to the supersaturation. Seeds smaller than this will not 

exert sufficient contact force to produce nuclei as 

large as critical size. 
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Since the critical size decreases with in-

crease of supersaturation, so this minimum size of the 

seed crystal, according to the above argument, should 

decrease with increase of supersaturation as is seen 

experimentally. 

The much smaller size of seed crystal, capable 

of breeding, as observed in section 4 was of course due 

to the fact that the solutions were in that case stirred 

and thus the contact pressure between the seed crystal 

and glass surface was much higher than the weight of the 

seed crystal itself. Also the velocity of sliding of 

the seed in section 4 was much higher. 

5.7.b. 1. 	Self induced motion of the seed crystal in .the  

supersaturated solution:- 

It was noted that in the supersaturated solu-

tion, when the seed crystal grew to a size of 3-4 mm it 

started moving by itself even when the cell was kept 

horizontal. No motion occurred when the crystal was 

much smaller (i.e. <2.5 mm ) or when it was much larger 

(i.e. 	5.0 mm). Also crystals of any size did not move 

if the solution was superheated. 

5.7.b. 2. Reason of self-induced motion of the seed  

crystal:- 

When a solute molecule deposits on a crystal 

face from a solution its velocity component normal to the 
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face changes from a finite value to zero. This produces 

a force on the crystal. Now if two end faces of the 

crystal are not growing at the same rate, there will be 

a resultant force tending to move the crystal longi- 

tudinally. 

Since there are so many factors such as 

absorption of impurities, surface deformations, disloca- 

tions etc. which can affect the growth-rate over the 

small area of the and faces, it is very likely that two 

ends may grow at different rates, especially when 

they are small. This would result in a net force on the 

crystal. It seems quite possible that the movement of 

the crystal could be explained in this way. 

At this stage we refer to the work of Kitchener 

and Strickland-Constable14. They measured the growth- 

rate of benzophenone and rhombic sulphur crystals from 

the vapor phase, by measuring the force of impact of 

depositing molecules on the crystal face in a torsion 

balance apparatus. In this case, onlyone face of the 

crystal was exposed to the vapour. However, we know of 

no published work in which the force of impact of deposi- 

ting molecules on the crystal face grown in a solution, 

has been measured. 
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5.7.b. 3: Effect of size of the seed crystal on self- 

induced motion: 

It was observed that only crystals of size 

3-4 mm moved. If much smaller or much larger, the crystal 

did not move. This can be explained as follows. 

When the seed crystal is very small, the end 

faces will be small. So the number of molecules impinging 

on the end faces and hence the force of impact of deposi- 

ting molecules will be small. This means the differen- 

tial impact force will be still smaller and it will be 

unable to move the crystal. This we believe is the 

reason, why very small crystabdo not move. 

As the crystal grows, the area of the end faces 

increases and thus the differential impact force also 

increases. Eventually, a size is reached at which the 

differential impact force becomes larger than the fric- 

tional force, causing the crystal to move. When the crystal is 

-600 large the chances of unequal growth rate at the 

large end faces decreases and hence chances of unabalanced 

force of impact decreases. 

Moreover, the above argument can be justified 

mathematically. For this illustration, we take the 

extreme case, when only one end face of the crystal is 

growing and the opposite end face has ceased to grow. 
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Let us consider a seed crystal, in the form 

of parallelopiped having a square cross section and having 

longitudinal growth rate 2.6 tilles the lateral growth rate. 

(this is the case obserited,with MgSO4, 7H20 crystal by, Masoni). 

Suppose this crystal is resting Oh the glass surface • 

immersed under the solution. 

Let, 

a = length of the sides of end faces7cms 

/1 = density of the crystal gms/c.c. 

IA.= Frictional coefficient 

R 	.=- growth rate in cm/sec. 

v = velocity of impinging molecules cm/sec. 

M = Molecular weight 

N = Avogadro's number. 

= density of the solution,gms/c.c. 

Weight of the seed crystal 

= 2.6a3 ,P  gms 

Buoyancy force on the seed crystal 

= 2.6 a3P 

Net force normal to the glass surface 

= 2.6 a3  ( s  P) 	
 (1) 
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Number of molecules impinging on the end face 

= FIR  N a2 
s 

Force of impact of molecules 

R N v 2 	M — m a ' N s 

= R is 0 a2 v 

Now, for motion of the seed to commence, we have 

4)  2 . 6/4 a3  ( 	=R is a2  v 

a2 [ 	( 4_4)  - Riv1 =0 

(2) 

(2)  

(3)  

Roots of a are 

a = 0 

a = v (4) 2.6f,.( 4-4) 
This means that there are only two values of 

'a' for which seed will move. One of them is zero i.e. 

when the seed is of molecular dimension and the other/not is 

a 
.11/0sv 

 

2.6A( (/-J) 

For this value of 'a' again the seed will move. 

It is interesting to note that assuming, 
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R = 20x10-6 cm/sec (growth rate at 2 to 3°  0 

AT, found by Mason) 

eft = 0.1 
we find that 

a = 3.01 cm. 

which is close to the size of the seeds which we have 

found to undergo self-induced motion. 

However, when the seed dissolves, it is not 

found to undergo any self-induced motion. This is 

because the rate of dissolution is not sensitive to the 

nature of the surface as rate of growth. Consequently 

the dissolution rates of the two end faces are closer 

to eacli other and the differential force is negligible. 
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6. BREEDING EXPERIMENTS BY GENTLE TOUCHING OF A 

PERFECT CRYSTAL  SURFACE WITH A SMOOTH GLASS ROD. 

6.1 	The experiment consists of gently touching the 

growing face of a MgSO4, 7H20 crystal, immersed in a 

low supersaturated solution, with a smooth glass rod. 

Then a controlled movement is given to the seed to dis—

card any nuclei formed on the crystal surface by this 

contact. 

The above operations were carried out atAT's 

varying from 0 to 3°C. But in all the cases the super—

saturation was then raised to at least AT= 3°C to develope 

the nuclei which may have been formed. 

The original object of the experiments was to 

try to decide whether collision breeding is due to 

actual breaking off of fragments of the crystal or 

whether to some other more subtle effect. For, if the 

breeding is due to the breaking off of small fragments 

of crystal, we should expect that more or less equal 

numbers of nuclei would be produced for all values of AT. 

As will be shown later however, this may not be a sound 

argument. 

6.2. Experimental details:— 

A solution of MgSO4, 7H20, having a saturation 

temperature of 38°C, is filtered into the experimental cell. 
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The cell consists of a 250 c.c. conical 

flask. Two side-limbs are fixed in its upper portion 

(Fig.4). A glass-rod having its end smoothly rounded 

by melting under flame and properly annealed, is in-

serted through the side limb and is fixed to it by a 

rubber lung. 

Then a seed crystal of EgSO4, 7H20 fixed at 

the end of a glass-spike by araldite is inserted through 

the stirrer guide in the rubber stopper and is coupled 

to the motor shaft. It is stirred for 3 minutes to 

discard crystal dust. TW.s is done at 43°C• 

Then the solution is cooled down to 39°C i.e. 

a superheat of 100 over a period of 	hour, and is 

kept at this temperature for another i hour. 

The solution is then cooled to the desired 

supersaturation which are in this case AT = 1, 2 and 

3o 0.  

The seed crystal is then grown at this con-

stant supersaturation by rotating it at a speed of nearly 

700 rpm. Under this condition most of the crystals grow 

with perfect faces. No breeding occurs during this 

period. 

When the seed crystal has grown to a length 

of nearly 7 mm, the stirring is stopped. The crystal 

is turned manually, exposing one of its faces to the 
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glass-rod end, which is slightly tilted from outside so 

that its smooth end inside touches the face of the 

crystal very gently. In this way 3 faces are touched 

by the glass rod end within 20-30 seconds. 

Immediately after this touching operation is 

over, the glass rod is moved away from the crystal and 

the crystal is rotated at nearly 700 rpm for three 

minutes so as to discard any nuclei formed. 

The nuclei are then allowed to grow, settle 

to the bottom of the vessel and become visible. 

At the and of a run, conducted at AT .locv2oc 

the solution is cooled down to AT = 3 or 4°0 to make the 

nuclei produced, become visible quickly. 

The nuclei resting at the bottom of the ves- 

sel are then counted. The nature of the crystal faces i.e. 

whether they are perfect or whether any of them have 

flaws is noted. Flaws are shown by the loss of transpa- 

rency of the faces or the presence of any localised opa- 

city. They are probably due to inclusions of mother liquor. 

Before the beginning of the next run the de- 

posited nuclei are redissolved, and the crystal then 

regrown to its original length without removing from the 

soluti on. 
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6.3 	Results:- 

These are summarised in tables 7 and 8 and 

are plotted in Graphs lla and 11b. 

Table 7 contains the results of the experi-
ments with perfect crystals and table 8, the results with 

flawed crystals. It also contains some results in which 

the glass rod has been allowed to slice very slowly over 

the faces of the perfectly grown crystal. 

In graph lla we plot all the experimental 

points i.e. number of nuclei formed vs L.T. 

In graph llb we plot the average (arithmatic) 

number of nuclei formed at anyAT vsifs.T. 

6.4 Discussions of  the Results:- 

These results again show that breeding can be 

produced by very gentle contact between the crystal and 

a glass surface. This confirms the results of section 5. 
It is also to be noted that in many cases 

nuclei appear to attach themselves to the glass-rod end, 

as may well be expected. 

No visible damage of the crystal surface in course of the  

experiments:- 

In none of the experiments were either the 

corners or the edges of the crystal touched with the 

glass rod. So the question of breeding by the breakage 

of these easily breakable parts does not ea.18e. 
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The end of the glass—rod which touches the 

crystal surface was formed by melting it into a smooth 

hemisphere of nearly 4 mm diameter. It was properly 

annealed to relieve all the surface stresses. Under 

examination in the microscope we found the surface of 

the end to be perfectly smooth and free from any cracks. 

Consequently no gross scratching of the crystal 

surface could occur. 

Also the point of contact nn the crystal 

surface was observed under the microscope, but no in— 

dentation, scratch or flaws were seen at that portion. 

Influence of supersaturation on breeding:— 

As seen from graph No. llb, the average 

number of nuclei produced by breeding during the contact 

of the glass rod with the crystal surface, increases 

slowly as AT is increased upto 100; then it increases 

rather sharply as4NT is increased to 200. On the whole 

the curve is of the same shape as the curve (for treated 

seed) in Graph No. 8a in section 4. 
The very fact that the number of nuclei pro— 

duced increases so significantly with increase ofiST, 

tends to support the view that collision breeding does 

not perhaps occur by breakage of small fragments from 

the crystal. Because in such a case there should not 

have been any marked difference in number of nuclei 
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produced at different AT. Possibly collision breeding 

occurs by a more subtle process. 

A mathematical analysis of this general 

shape of breeding curves is given in the end of the 

thesis. 

Effect of flawed crystal on bree.aLag:— 

From Table No.8, it is clf:ar that much higher 

breeding occurs with flawed than with perfect crystals; 

For example, at AT = 0.4°C we get no breeding with per—

feet crystals whereas with a flawed crystal 197 nuclei were 

formed. At AT >1°c, with flawed crystals we get always 

more than 300 nuclei, but with perfect crystals, the 

maximum number is 92 at.AT = 3°C. 

Effect of sliding of glass—rod  on crystal surface on  

breeding:— 

From Table No.8, we see that if, insstead of touching the 

crystal surface with the glass,-rod,.welide the glass 

rod over the plain surface of the crystA.1, extremely 

large numbers of nuclei are formed. Por example, the 

number so produced is p300 at PT = 30, compared to a 

maximum number of 92 at AT = 3°C when the surface is 

touched only. 

In this case also we do not observe any 

visible scratch, indentation etc. even under microscope. 
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TABLE No.7  

RESULTS OF THE BREEDING EXPERIMENTS BY SLOW TOUCHING  

OF THE FACES OF A.  PERFECT  MAS04, 7H20 CRYSTAL IN SO—

LUTIONS OF DIFFERENT SUPERSATURATIONS AND HAVING SA—

TURATION TEMPERATURE  38°C. 

RUN No. 6T state of 
crystal 

No, of nuclei. 

5 

0 
0 
0 
0 
0 

14 
0 
9 

30 
51 
88 
8 

29 
53 
87 
92 
57 
45 

Remarks 

119 

120 
121 
122 
123 
124 
125 
126 
127 
128 
129 

130 

131 

132 

133 
134 
135 
136 
137 

0.5°  

0.5°  
0.5° 
0.0°C 
0.000 
0.000 
1.00 
1.0° 
1.0° 
2.0° 
2.00 

2.00 

2.0° 
2.0° 

2.4° 
3.0° 
3.0° 
3.0 
3.0 

perfect 

It  

n 

n 

P 

it 

it 

II 

II 
It 

II 

II 

If 

II 

II 

II 

II 

n 
it 

Touched on 3 
faces 

It 

II 

It 

It 

It 

It 

It 

It 

II 

tt 

It 

It 

It 

It 

It 
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TABLE No.8 

RESULTS OF BREEDING BY TOUCHING OF FACES OF FLAWED 

CRYSTALS OF MOO 7H 2O WITH SMOOTH GLASS ROD. 

RUN No. 
C 

State of 	No. of 	Remarks 
crystal 	nuclei 

138 

139 

140 

141 

142 

143 

144 

145 

146 

147 

148 

0.6°  

0.4°C 

1.0°C 

3.0°C 

3.0°C 

1.0°C 

3.0°  

3.5°C 

3.5°C 

2.0°C 

2.0°C 

Flawed 

n 

I, 

II  

It  

II  

Perfect 

11 

tt 

It 

248 

197 

>300 

)300 

>300 

>300 

>300 

>300 

>300 

286 

>300 

Touched on 3 faces 

ii 

ii 

11 

it 

er 

Rod is allowed to 
slide over one 

surface. 

It 

tt 

it 
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7. THE INFLUENCE OF COLLIDING GLASS BEADS ON THE DEGREE 

OF SUPERCOOLING AT WHICH SPONTANEOUS NUCLEATION OCCURS. 

(MgSO4, 7H291:.  

27 7.1 	It has been reported by Iran Hock that when 

a supersaturated solution contairling giass-beads is agi-
tated, so that the beads collide with each other and with 

the wall of the container, then nucleation occfars at a 

supercooling lower than that at which spontaneous nuclea-
tion takes place. It was decided to repeat these experi-

ments with MgSO4, 7H20 solution. 

7.2 Experimental details:- 

A solution of MgSO4, 7H20 saturated at 38°C 
is filtered into the experimental cell (Fig.1) of 250 c.c 

capacity and five glass beads of ,,J3 mm diameter are added. 

The solution is superheated at 48°C for 	hours 

to ensure that all the potential nuclei are destroyed. 
The solution is then cooled at a rate of 

6°C/hr. and simultaneously vigorously agitated by rota- 

ting the stirrer at nearly 700 rpm. 

During this stirring action the glass beads 
slide across the bottom of the cell and collide vigorously 

with each other and the glass wall. 

The stirring is stopped as soon as nuclei are 

seen floating in the solution. 
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7.3. Results:-  In all the ten experiments nucleation 
occurred at a AT falling between 10 and 1100. In pa-

rallel experiments it was shown that the nucleatianAT 

temperature was 

a) 29°0 in an unstirrea solution. 

b) 13°C in a stirred solution. 
The presence of glass-beads has only a rela-

tively minor effect; the effect of stirring alone is 

considerable. 
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8. STUDY OF THE SOLID-LIQUID INTERFACE DURING DISSO- 

LUTION AND GROWTH OF MgSO4, 7H20 CRYSTAL, USING 

SCHLIEREN APPARATUS.  

8.1. 	In section 5, we discussed the possibility 

of measuring the force of impact of depositing molecules, 

when a crystal of MgSO4, 7H20 is grown in a slightly 

supersaturated solution. 

Since any such force will be of extremely 

small magnitude any turbulence at the solid-liquid 

interface during growth of the crystal is very likely to 

disturb the result. Consequently, it was decided to 

observe the solid-liquid interface during growth and 

dissolution by means of a Schlieren apparatus. 

There was another important reason for this 

study. It has been reported by various workers that when 

there is mass transfer between two immiscible liquid 

phases, it takes place in discrete bursts or eruptions 

across the interphase. The visual effects are very 

striking. By use of the Schlieren apparatus, we have 

tried to find out whether the same phenomenon occurs in 

the case of a crystal liquid interface. 

MgSO4, 7H20 was again used and the study 

can be divided under the following heads. 

a) Dissolution in dilute solution. 

b) Dissolution at small undersaturation. 
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c) Study of both dissolution and growth when the 

solution is allowed to cool down from a slightly super-

heated to aouper-cooled state. 

d) Nucleation by contact between crystal and cell 

wall. 

8.2.a Dissolution in dilute solution:- 

Experimental details:- 

A solution of MgSO4, 7H20 saturated at 10°C 

is kept in a closed flask at the room temperature of 

nearly 20°C for 1* hours. 

The solution is then poured into the cell of 

the Schlieren apparatus. A crystal of MgSO4, 7H20 grown 

with perfect faces upto a length of nearly 1 cm and 

fixed at the end of a glass spike by araldite, is then 

lowered into the solution and is clamped, out of contact 

with the walls of the cell. A thermometer is inserted 

into the solution to record its temperature. 

Projection of the Schieren image on the wall 

produced a magnification of nearly X25 and enabled a 

study of the interfacial phenomena in considerable detail. 

Observation:- In the above experiment streams of denser 

liquid are seen flowing down from the crystal in copious 

amounts. There is a relatively thin layer of dense 

liquid (FiLs.5) around the vertical faces which glides 

down fast to join the bulk of the denser liquid issuing 

out of the crystal end. The boundary of this vertical 

layer is very daarp. 
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However, at no points on the surfaces have 

we observed any of the sudden eruptions of material 

Which were anticipated in section 8.1. Rarely there 

are small vortices close to the lower end of the crystal 

surface due to interaction of different streams of down- 

flowing dense liquid. 

8.2.b Dissolution at low AT. 
Experimental details:- In this case a solution of NgSO4, 7H2° 
batarated 	at 18°  C is used, so that there is a slow 

dissolution of the crystal under a superheat of nearly 

2°C, at room temperature of nearly 20°C. 

Observation:- As expes.ted, in this case a much lesser 

amount uf dense solution is found to flow down from the 

crystal. At the same time the thickness of the film 

around the vertical faces of the crystal is found to be 

much larger than in the case of 8.2a. The boundary of 

this layer with the bulk of the solution is not so sharp 

as in 8.2a. In this experiment, again no eruptions were 

observed on or near the surface. 

8.2.c Dissolution and growth 
Experiment  al details:- The same aperations as in 8.2a 

are repeated, but using a solution saturated at 25°C. 

The solution is superheated to nearly 35°C, and poured 

into the cell and is allowed to cool down gradually by 

natural convection. A well grown seed crystal nearly 

5 mm long is immersed in the solution and is clamped 
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firmly. Initially, the solution is superheated, so the 

crystal dissolves. As the solution cools down, the 

superheat and hence the dissolution rate decreases 

until the saturation temperature of 25°0 is reached. 

As the solution cools down further (since room tempera-

ture 2000) the solution becomes supersaturated and the 

crystal starts growing. 

Observations:- Initially, when the superheat of the so-

lution is high, there are copious streams of denser 

liquid flowing down from the bottom of the crystal. The 

layer of dense liquid around the vertical faces of the 

crystal is relatively thin and has a sharp boundary with 

the bulk of the solution. 

As the superheat decreases, the dissolution 

rate of the crystal naturally decreases: at the same 

time the film thickness increases and the volume of 

liquid streaming dowg from the crystal decreases. The 

boundary of the film becomes less and less distinct. 

At the saturation temperatures of 25°C the film 

and the falling liquid stream disappear (Fig.6). 

As the solution cools further, it gets super-

saturated and a faint film reappears around the 11163 

faces at both the ends of the crystal, when the super-

saturation reaches a value of 6Te-,1°C. At this stage 

no film is visible around the vertical faces. There is 
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no turbulance at the interface and the film around the 

DA faces is stagnant. On giving slight jerks to the 

crystal this film sometimes tends to crawl up the verti-

cal faces. But very soon it diffuses into the bulk of 

the solution and disappears and the crystal is left with 

the stagnant film around its end faces. This film is of 

course less dense than the bulk of the solution as evi-

denced from the fact that it tends to rise. 

At the supercooling 6T--,3°C, there appears 

a stagnant;  indistinct film around the vertical faces of 

the crystal (Fig.7). Due to refraction half of the image 

is dark blue and the stagnant film cannot be seen in this 

half. However, the stagnant film around the other half 

of the crystal and around the D.10] faces can be seen. 

Unlike the dissolution process, in this case there is no 

motion of liquid either around the vertical faces or 

from the end faces. The solid-liquid interface is per-

fectly motionless and free from any turbulence. 

When the solution cools down still further, 

above a AT 5°C, a very thin layer is found to crawl 

up at an extremely slow speed from the upper and of the 

crystal. But its turbulence is negligible compared to 

that in case of dissolution. Also there is no move-

ment of the liquid layers around any other portion of the 

crystal. 
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Surface nucleation prevented further inves—

tigation beyond a supersaturation of&T-v7°C. 

8.2.d Nucleation by contact with crystal surface and 

cell walls:— 

Experimental details:— 

In some of the runs of section 8.2.c. at a 

supercooling of 2°  to 3°C, the cell wall was intentional—

ly touched by the seed at a particular point. As the 

solution cooled down further to round about &Tra6°C 

one or more needles grew from the wall at the point of 

contact. This experiment eas repeated ten times, and in 

every run needles grew from the wall. Only in one run a 

needle also grew from, the point of contact on the crystal 

surface. The contact of the seed with the cell wall was 

very gentle and in no case was the crystal visibly 

fractured. 

8.3. 	DISCUSSION:— 

Solid liquid interface during dissolution:— 

From the sections 8.2a and 8.2.b it is clear 

that in course of dissolution a film of denser liquid is 

found to slide down the vertical faces of the crystal (rig.5). 

It, is 	also noted that the thickness of the film in—

creases with decrease of the degree of superheat or dis—

solution rate. This can be explained in the following 

way, as a result of competition between the two processes. 
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a) Downward velocity of the surface film. 

b) Transverse diffusion of the solute molecules 

across the surface film. 

When the solution is highly superheated the 

concentration gradient across the surface film is high, 

(assuming that the whole concentration gradient occurs 

across the surface film and there is a negligible con-

centration difference at the surface), and thus the average 

density of the surface film will be higher than the bulk 

of the solution. So the falling velocity of the surface 

film is high and consequently transverse diffiusion of 

the solute will be low or in other words the surface 

film will be thin. 

On the other hand, when the solution is less 

superheated, the surface film will be less dense and 

hence its falling velocity will be lower or the transverse 

diffusion will be higher and hence the surface film will 

be thicker. 

It is obvious that in dissolution, mass 

transfer takas place mainly by surface renewal, because 

of the existence of the surface film falling down the 

surface. 

Solid-liquid interface during growth:- 

It was seen that as the solution got cooler 

and more and more supersaturated, around .6.T f•d 1°C, a 

blurred film appeared around the filo faces at the 
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ends of the crystal at first. However, no surface film 

was noted around the vertical faces. This may be explained 

as follows. We note first of all that the growth rate 

along the long axis is nearly 2.6 times the growth-rate 

along the short axis. Consequently atZST "../ 1°C, the 

mass transfer rate on the 1161 faces becomes large enough 

for the growth process to be diffusion controlled; but 

on the vertical iliCkD faces the mass transfer rate still 

remains low enough for the process to be surface-reaction 

controlled. So no surface film or diffusion barrier 

appears around the vertical faces of the crystal. 

However, as the superheating increases, the 

growth rate of the vertical faces also increases and ulti-

mately becomes diffusion controlled and the surface-film 

reappears at a 4NTrv3°C, around the vertical faces. 

Now unlike dissolution, the surface film during 

the growth of the crystal does not move. If the crywtal 

is not given any significant movement, this surface 

film remains fixed. This apparently seems to be in 

contradiction to the results obtained during dissolution. 

For during dissolution the denser surface layer sank, 
and during growth the less dense surface layer might be 

expli:ted to rise. This anomaly can be explained in the 

following way, taking into consideration, the model of 

mass transfer during growth of crystal as given in Fig.9. 
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When the growth-rate is low, the diffusional 

resistance is low and it is mostly surface reaction con-

trolled. That is aCsX>A0d  and Cd  approaches Coo  . 

Consequently the average concentration of the surface 

film is very close to 003  . Thus the surface film, 

being more or less of the same density as the bulk of 

the solution, does not have any tendency to rise. However, 

as the supersaturation increases, 6Cd  becomes larger 

and larger and hence the average density of the sur-

face film becomes lower than the density of the bulk of 

the solution. Consequently for m>  5 C, the surface 

film has a tendency to rise. 

From the above arguments it is clear that 

during growth a portion of total concentration difference 

i.e. (C
00 
 - Cs ) occurs across the diffusion layer; 

but during dissolution the whole of concentration dif-

ference occurs across the diffusional layer, the surface 

reaction being absent during dissolution. In such a case, 

for the same stirring speeds and hence same diffusional 

resistance, we should have a dissolution rate higher than 

the ;growth rate for the same COa  - C 	
i.e. total con-

centration difference. 

This is evident from the following results. 

AtAT = 1°C and rpm = 400, growth rate of KC1=35x10-6cm/sec 

At !ST = -100 and rpm= 400,dissolution 	-60x10-6 .... 
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At4ST =1°C and rpm = 625, growth rate of 1401=42x10-6cm/sec 

At AT =-1°C and rpm =625, dissolution .... =73x10-6.. 

8.3.2 	Needle-growth from the cell wall from the  

point of contact of the cell wall with the crystal.  

This confirms our earlier observation that 

very gentle contact between a crystal surface and a glass 

surface even in a low supersaturated solution is capable 

of producing nuclei at the point of contact. 

In the previous experiments these nuclei 

were produced and grown at a4T.4:3°C and they grew to 

small perfect crystals. In the present experiments, 

immediately after their creation the supercooling was 

reduced t:1 AT ) 6°C and the same nuclei (which were 

created at QT <3°) grew as needles. 

We also observed that when these needles be-

come visible, the entire len. th of the needle becomes 
visible eimultaneously. After it becomes visible, its 

growth lengthwise is negligible. But the thickening of 

the needle or the lateral growth-rate persists. This 

is true for all the needle growths we have observed, not 

only with MgSO4, 7H20 but also with other systems. 

It appears therefore that needle growth 

occurs at the sub-microscopic size and continues at a 

very high-rate of growth in the longitudinal direction 

until some impurities are adsorped on its tip or some 
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other surface property of the tip changes, as a result 

of which, the longitudinal growth stops. However the 

lateral surface area being much larger, localised 

adsorption of impurities does not prevent the lateral 

growth of the needle. 

It has been shown by earlier workers that the 

longitudinal growth rate of the MgSO4, 7H20 crystal is 

nearly 2.6 times the lateral growth-rate. However in 

the case of needle growth the longitudinal growth rate 

is many hundred times more than the lateral growth rate. 

For when the needles become visible their length is 

usually 2-3 cm, whereas their width is a fraction of 

a mm. 

It is worth mentioning here that this behaviour 

is typical of whisker growth. Whiskers frequently grow 

upto a certain length while they are invisibly thin. 

Then their longitudinal growth-rate stops and they 

start thickening or growing laterally. 
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9. TORSION-BALANCE EXPERIMENTS TO FIND THE FORCE OF  

IMPACT OF DEPOSITING MOLECULES 11HEN A MgSO4, 7H20 CRYSTAL 

IS GROWN FROM A SUPER-SATURATED SOLUTION. 

9.1 The self-induced motion of the seed crystals men-

tioned in section 5, appeared so interesting that it was 

decided to attempt to measure the force of impact of the 

molecules depositing on a growing crystal which appeared 

to be responsible for the motion. 

Since the force is very small, its measure-

ment is difficult. 

a) Sensitivity of the apparatus:- 

In the present experiments, the apparatus 

used by Kitchner and Strickland-Constabla5was adopted; 

the magnitude of force measured by them being of the 

same order as that to be measured by us. 

b) External disturbances:- 

In view of the very small forces involved, 

external disturbances must be avoided. These include: 

(1) 
	

Vibration due to stirrer motors in the constant 

temperature baths. This can be got rid of by placing the 

clamping stand, from which the apparatus is mounted, on 

thick sponge pads. 

(ii) 	The second form of external disturbance is 

the turbulent motion of the bulk of solution in the ap-

paratus because of the convective heat transfer. This 
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occurs when the bath temper,Iture is changed from one fixed 

temperature to another. However, after a short period 

this dies out. It is also noted during time-lag measure-

ment that the turbulence due to convective heat-transfer 

is less severe when the solution is cooling down than 

when it is heated up for the same rate of cooling and 

heating respectively, since time-lag for the former is 

much less than for the latter. 

Consequently, we tried to limit the tempera-

ture change as much as possible and also the runs were so 

planned, that each run was preceded by cooling of the 

solution, rather than heating. This led to much more 

consistent motion of the torsion balance. However, if 

the solution was heated, it led to erratic motion of 

the torsion balance, which took a long time to stabilise. 

(iii) 	The third form of external disturbance is 

the convective turbulence at the solid-liquid interface. 

In section 8, we carried out a detailed in-

vestigation into this phenomena and it appeared that while 

there is appreciable turbulence at the solid-liquid 

interface during dissolution, during growth upto.e1T<5°C, 

the solid-liquid interface appears stagnant and free from 

visible turbulance. 

Consequently, except for one run, all other 

runs were carried out for growth and at T.<4.000. Thus 

we have tried to ensure the absence of turbulance at 

solid-liquid interface during the experiments. 
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c) Time-lag:- 

It was necessary to know approximately the 

value of the time lag between the change in temperature 

of the thermostat and the resulting change in the tempe-

rature of the solution. A preliminary set of experiments 

showed that 2  hour provided ample time for the solution 

to catch up with any change in bath temperature. 

d) Stability  of the torsion-balance:- 
As long as the bath temperature was constant, 

the torsion balance was fairly stable. When the bath 

temperature was lowered, the torsion-balance moved as 

expected, due to change in the impact force of molecules. 

The motion of the torsion-balance was heavily 

damped and the balance usually took up its new position 

without oscillation. In some cases it performed one 

rather large oscillation before coming to rest (after 

about 2 hours) in the new position. The new position was 

then held with only minor fluctuations as seen in graphs 13, 

14 and 15. 

This well-defined movement of the torsion ba-

lance was observed for a torsional constant of the wire 

of 0.202 dynes cm/rad. 

If the torsional constant is lowered further, 

the balance takes an extremely long time to settle down 

to the new stable position. 
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The above value of the constant was arrived 

at only after extensive trials. 

9.2. 	Experimental details:- 

Description of the Apparatus:- The apparatus consists 

of a flat-bottomed glass flask (Fig.10). It is clamped 

to a stand resting on sponge-pads. A vertical glass-

litb is fitted to the neck of the flask. A stopper-cork 

carrying a rotating knob is fixed at the top of the glass 

limb. A torsion wire is attached to the needle pro-

jecting out of the rotating knob. 

At the lower-end of the torsion wire a glass-

balance is suspended. The glass-balance (Fig.11) carries 

two glass cups at the ends of the arms. A small mirror 

is fixed at the center of the balance. To measure the 

deflection, a beam of light is directed at the mirror 

and the reflected beam falls on a graduated scale. 

Experimental procedure:- 

A solution of MgS041  7H20 having the satura- 

tion temperature 35°C is made up gravitimetrically. It 

is poured into the round-bottomed flask kept inside the 

constant temperature bath and is heated at 45°0 for 

nearly li hours to get rid of any potential nuclei. 

In one cup of the glass balance a well grown 

MgSO4, 7H20 crystal is so fixed with wax, that only the end 

faces of the crystal are exposed. (Fig.11a) 
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At the other end of the balance a metal 

counter weight covered with wax is placed to maintain the 

beam horizontal when immersed. 

One end of the wire is fixed to the center 

of the balance, while the other end, passing through the 

glass-limb is fixed to the needle projecting out of the 

rotating knob. 

The whole length of the wire must be thoroughly 

checked to see that it is free from all kinks, knots or 

damaged spots, which would give unreliable results. 

Length of torsion wire = 29 cms. 

Its torsional constant = 5'8295  = 0.202 dyne-cm/rad. 

The torsional constant of the wire is determined 

by recording the period of oscillation of a cylindrical 

glass-rod suspended at the center by a 50 cm long torsion 

wire, whose mid-portion is used for suspending the balance. 

The details of this calculation are given in the Appendix I. 

The solution temperature is now lowered to 

40°  C and the balance is immersed in the solution, being 

suspended as in Fig.10. 

The solution is cooled down to 36°C over a 

period of nearly hour and is kept at 36°C for another 

* hour. 

After this seed-treatment to get rid of ini-

tial breeding, the solution is cooled down to the satura- 
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tion temperature 35°C and is maintained at this temperature. 

The deflection of the beam is plotted as a function of 

time until a reasonably stable position is attained. 

The bath is then cooled down at a rate of 

about 1°C/20 minutes to the desired supersaturation and 

is maintained at the new temperature for a sufficiently 

long period for the position of the balance to become 

more or less stable. The new position is noted. 

The solution is then heated back to the sa- 

turation temperature and is kept at Ts= 35°C overnight. 

Next day, a run is repeated for another AT. The system 

being closed, there is negligible evaporation loss and 

the same solution is used for 3 to 4 runs consecutively. 

9.3 Results:- 

The deflection vs. time graphs for three ty-

pical runs are given in graphs 12-16 together with one 

complete time vs displacement plot (graph 13). results of 

all the runs are summarised in table 9. 

n typical calculation for finding the different 

parameters is given below. 

Initially bath temperature is constant at 35°C 

and mean position of the light beam on the graduated 

scale = -1.2 cm. 

The bath temperature is changed to 33°C and is 

kept constant at this value. 
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New mean position = + 3.0 cm 

Total deflection = 3 + 1.2 = 4.2 cm 

Radius of graduated scale = 53 am. 

.% Angular deflection = 	= .0782 radians 

Hence couple = .0782 x .202 = .016 dynes-cm 

Since T.orsional constant of the 

wire = 0.202 dynes-cm/rad. 

Length of torque arm (i.e. from centre of crystal to 

the point of suspension) 

= 3.547 cm. 

Force of impact of molecules acting normally to the 

projected area of crystal surface on the plane passing 

through torque arm and axis of suspension 

.016 = 375Ty = .00451 dynes 

Projected area of the crystal faces exposed to the solution 

= 0.35 x 0.312 = 0.109 cm2  

Force of impact of molecules per unit projected area 

.0041  
.109 	.0415 dynes/cm2  

Similar calculations are carried out for each of the 

runs and the impact force of molecules per unit projected 

area is calculated. The Results are given in Table 9. 
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TABLE  No. 9. 

Results of the experiments in the section 9. 
MgSO4, 7H20 	solution with saturation temp.= 35°C. 

RUN No. AT. Force of impact 
C. dynes/cm2  

149 3o 0.0710 

150 4°  0.1200 

151 3.7? 0.1058 

152 3.00 0.0645 

153 1.0°  0.0126 

154 2.0°  0.0415 

155 —2.0°C 0.0465 

156 2.0°C 0.0342 

157 3.0 0.0790 

158 1.0 0.0180 

159 4.0 0.1150 
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9.4. DISCUSSIONS:- 

9.4a) Impact force of molecules depositing on the  

crystal surface:- 

The molecules in a liquid can be considered 

to possess a mean kinetic energy of 2kT per molecule, 2 
the actual individual velocities at any moment being 

distributed about the mean according to the Maxwell 

distribution, and it can be assumed that the solute 

molecules in the immediate vicinity of the crystal 

surface are undergoing random motions governed by this 

law. 	Some of these molecules impinge on the crystal 

surface with a certain ve.Locity and are deposited; 

while other solute and solvent molecules bombarding 

the crystal surface are reflected. 	This means that 

if one of the crystal faces is growing and the opposite 

face is prevented from growth, then there will be a 

resultant unbalance of force corresponding to the 

number of molecules getting deposited on the growing 

face. 

As shown in fig. lla, the crystal has only 

one end exposed to the solution while the rest of the 

crystal surface is shielded with wax. Therefore a net 

force acts on the crystal which is equal to the rate of 

change of momentum of molecules depositing on the 

crystal-face. 
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9.4b. Relation between growth-rate and force of impact  

of molecules.  

Assuming that the faces AB and AC are growing 

at the same rate then, (Fig. 12); 

dx 
dt = = dt 	

, 
"140 M 1 cm./sec. 	(1) 

, 
where n =- number of molecules depositing per unit area (cm

2  ) 

of the surface AB and AC per unit time (second) 

M = Molecular weight of solute 

N ..Avogadro t.s 1  number 

= density of the solute crystal. gms./c.c. 

Now 	dx dl 	_ .1Y 
dt 	dt  cos() (2)  

where 1 = direction parallel to long axis. 

Since experimentally we measure the value 

of dl only, so substituting this in equation (1), we 
dt 

get, - 

dl 
dt cos e nM _ 

Np (3)  

Now suppose C =average velocity of molecules impinging 

on the surface and getting deposited. Then change of 

momentum per unit area of AB and AC 

	

.nM. C 	': Molecules are impinging 
N 	2 	at all angles. 

.nMvwherev C . 7  
N 

If A1 and A2 are the areas of the faces AB 

and AC, then total force imparted normally to these two 
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surfaces equals 

nMvA 	nMvA 
N 1 and 7  2 

respectively. 

Force along the 1-direction 

.nMvA1 cose + n N v A
2  cos t, 

N 
	(A1 cose + A2 cose 

.nprx 	Projected area on CB 
	

(4) 

From (3) 

	

n M 	dl 

	

N 	= i° at cost, 

.% Force along the 1-direction 

F 	d cose . v x (Projected area) (5) 

Let 
f 	projected area i.e. component of force of 

impact of molecules 

along 1-direction per unit projected area. 

Actually we have determined the values of'f'experiment-

ally. 

Now 	dl f 	dt  cost, . v 	(6) 

Now, v - 	= 	(0.921 )IC2  

7  1 	I 0.921  FE  
Where c2 	squar,.3 velocity of molecules. 

Substituting 
	(6) 

f 	
dl 

= 	dt cos g x 0.92113 - x 1 
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Now average value of 0= 39°52 

cos 9 = 0.7674 

and 	T. . 273 33 = 306°K 

also 	R .. 8.314 x 107  ergal°K.gm-mole. 

M 	= 246.5 and p 	Rms.= 1.65 ---- 
c.c. 

Substituting  these values 
• 

dl f =  dt x 1.68 

g 	dl , 1.19  
= dt ' 2 
dl — x 2.09 at 

x 0.7674 x 0.921  

x 1.76 x 104 

1 x 104  x 2-  

/3 x 8.314 x 107x306 
246.5 

or we have 

dl 2f09 x 10-4 cm/sec. dt 2  ( 9 ) 
d Vie irl  tabulate below the values of t- obtained by us from 

measuring 'f' and compare them with the average values 
dl 

of dt obtained by Mason
13 as shown in graph 17. 

.aT°C 

100 

2°C 

3°C 

4°C 

dynes/cm2  

.018 

.040 

.072 

.123 

dl cm/sec. dl 
dt 
(from eq.9) 

1.72 x 10-6 

3.82 x 10-6 

6.90 x 10-6 

11.80 x 10-6 

Average Tt- cm/sec. 
(by Mason) 

5.8 x 10-6 

10.4 x 10-6 

17.2 x 10-6 

22.8 x 10-6 

close 

The calculated values are surprisingly 

to Mason's measured values; (although they appear 

on the whole to be lower). The agreement lends support 

to the suppositions on which the calculations are based. 
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In other words, it seems probable that the forces 

measured by us were indeed impact forces produced by 

growth. 

In view of this agreement it is tote hoped 

that the experiments may be 7epeated in an apparatus 

providing for the simultaneous measurement of reaction 

force end growth rate. 
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Data on unstirred growth-rate of MgSO4, 7H20 crystal along 

long axis (as obtained by Mason l3) 

RUN No. liT dl 	cm/sec x 106 

309 1.7 7 

309 3.7 22 

310 3.7 13 

319 4.2 22 

319 4.2 18 

368 4.2 22 

370 4.2 26 

385 4.5 25 

458 3.5 20 

419 1.5 13 

421 1.9 17 

422 2.8 21 

442 0.8 8 

446 2.7 22 

450 2.5 11 

454 1.2 4 
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10. THE ACCURATE DETERMINATION OF MELTING POINT OF  

BENZOPHENONE.  

10.1. 	At this stag€, we decided to carry out 

nucleation experiments with Benzophenone melt. Before 

starting, it was necessary to determine the melting point 

of the melt with special accuracy. 

10.2. 	The melting point was determined by measuring 

the time for complete melting of the contents of a 

capillary (Fig.13), when introduced into a thermostat 

at a fixed temperature. This experiment was repetted 

at a series of temperatures above the melting point. 

As the melting point wes approached the time taken 

approached infinity asymptotically. 

10.3. Results:- The values of time taken for melting, 

tim vs the corresponding thermostat temperature, Ts are 

given in table 10 and are plotted in graph 18. 

It is evident that the graph so obtained 

is asymptotic to Ts = 47.8°C. 	Thus the melting point 

of the benzophenone sample = 47.8°C. 

10.4. DISCUSSION:- 

The melting point of benzophenone determined 

by a conventional technique is reported by Kirtisinghe12 

to be 48°C which is 0.2°C higher than the value determined 

here. 	This discrepancy justifies our use of what we 

believe to be a more accurate method. 
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TABLE No.10  

Results of bath temp. vs time required for the 

whole amount of benzophenone in the capillary to melt. 

RUN No. 

160 

161 

162 

163 

164 

165 

166 

167 

168 

169 

170 

171 

172 

Bath Tenp. 
C. 

49.1°  

48.85 

48.55 

48.55 

48.50 

48.40 

48.30 

48.25 

48.0 

47.95 

47.85 

47.82 

47.80 

Time reqd. for melting 
min. 

1 min 5 sec. 
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11. COLLISION BREEDING EXPERIMENTS WITH BENZOPHENONE  

MELT USING TREATED SEED.  

11.1. 	So far we had been working with MgSO4,7H20 

system, i.e. an ionic crystal in aqueous solution. 

Consequently, we decided to carry out collision breeding 

experirents with an organic melt such as benzophenone. 

With the breeding experiments on MgSO4,7H20, 

the solution was stirred only after it had been cooled 

down to a given supersaturation. 

However, the benzophenone seed tended to 

stick to the bottom of the flask, at all temperatures 

below the melting point. 	Therefore, the melt was 

stirred all the time as it was cooled down below the 

melting point. 	The exact procedure is given below. 

11.2. Experimental method:- 

The melt is at first superheated at 55°C for 

nearly 	hours to destroy all potential nuclei. Then 

it is cooled down. 	When the melt temperature is 50oC 

a small seed crystal (",, 4 mm. size) is dropped into the 

melt. 	The melt temperature is lowered to the melting 

point 47.8°C in nearly half an hour and is kept at the 

melting point for another half an hour. This initial 

treatment is found to be adequate to get rid of initial 

breeding. 

Then the stirring of the melt is started. 

The position and speed of the stirrer is so adjusted 
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that the seed crystal is continuously sliding across 

the bottom of the flask. (Fig.l). 

The bath temperature is then cooled down 

at a rate of 100 per 3 minutes. The stirring is dis- 

continued after cooling down the melt to a fixed super- 

cooling and the nuclei formed are allowed to grow at 

that supercooling to become visible to be counted. 

In spite of this high cooling rate we 

found out in trial experiments that in this vigorously 

stirred melt, temperature lag between bath and melt is 

negligible. 

11.3. Results:- 

For each run the number of nuclei produced 

and the final degree of supercooling are given in table 11, 

and plotted on graph 19. When the number of nuclei is 

too large to count, they are plotted above the upper 

line in the graph. 

11.4. DISCUSSION:- 

Long stirring period:- Using this method of 

continuous stirring and cooling, the melt containing the 

seed must be stirred for as long a period as 3 minutes, 

even to attain a supercooling of 1°C. 	Consequently, 

this long period tends to give too many nuclei above a 

supercooling of 1.2°C. Thus no quantitative measure-

ments could be taken at 4T > 1.2°C. 
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TARTR  No. 11  
Results of the collision breeding experiments with 

benzophenone melt, cooling at a rate of 1°0/3 minute. 

Agitation of the solution is started at Tm = 47.8°0 and 

stopped at the final supercooling mentioned below. 

RUN No. Final supercooling No. of Type of 
AT°  0 nuclei sliding 

173 1.0°  1 good 

174 1.0°  26 ft 

175 1.0°  4 11 

176 1.2 >300 li 

177 1.2 >300 eV 

178 1.2 151 II 

179 1.4 >300 ti 

180 1.4 >300 v 

181 1.4 >300 it 

182 0.6 0 If 

183 0.6 7 It 

184 0.6 10 it 

185 0.9 6 

186 0.8 21 

187 0.7 :24 

188 0.6 34 

189 1.2 280 

190 1.2 >300 

191 1.2 >300 

192 0.4 0 

193 0.4 3 

194 0.4 0 

195 0.4 8 
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12. COLLISION BREEDING EXPERIMENTS WITH BENZOPHENONE 

MELT AT CONSTANT SUPERCOOLING USING UNTREATED SEED.  

12.1. 	The experimental technique outlined ir 

section 11, does not enable us to make a quantitave 

estimation of the rate of collision breeding above 

AT = 1.2°C for benzophenone melt. 

Present technique involves addition of a 

seed crystal to the melt at a fixed supercooling and 

then measuring the stirring-period required to produce 

sufficient number of new nuclei so as to make the stirrer 

'extinct'. 	This experiment cm be performed at all CST. 

Kirtisinghe's work12 suggests that number of 

nuclei produced due to 'initial breeding' is very few in 

case of benzophenone. 	Secondly, nuclei produced in 

course of collision breeding do not grow to any appreciable 

size during the 'extinction period'; so that we believe 

these new nuclei aro not capable of having effective 

collisions. This means seed crystal is mainly responsible 

for collision breeding, and thus the breeding rate is 

fairly constant during the 'extinction period'. 	We can 

find breeding rate in terms of 'extinction period', as 

stated later on and determine variation of breeding rate 

with AT. 

12. Experimental method:- 

The melt is superheated at 55°C for 1 hours 
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(Fig.4) in the flask fitted with a glass stirrer. 	The 

side-limbs of the flask are closed with rubber-stoppers. 

Then it is cooled to the desired supercooling 

and is kept fixed at that T. 

The stirrer is switched on and a seed crystal 

is added to the stirred melt, through one of the side-

liiabs. Stirring is cnntinued until the amount of crystal 

produced is so large that; extinction of the stirrer takes 

place. 	Time elapsed, since the addition of the seed 

until the-extinction-of-the stirrer, is recorded. 

The experiment is repeated again for the 

same !S T, twice and average value of the 'time elapsed' 

is taken. 

12.3. Results:- 	Results of the experimcnt is supplied 

in table 12 and are plotted in Graph 2G. The results 

are reproducible to the accuracy of + 12% at constant 

AT. if stirring conditions are kept constant all 

through. 

12.4. DI60USSIONS:- 

12.4a. From the graph 20 it is clear that 'extinction 

time' decreases exponentially with increase of super- 

cooling. 	In fact, the best fitting line for the semilog 

plot (graph 21) has the equation 

t. =- 2606 e-°'81.AT 	(1) 
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12.4b. Rate of nucleation of benzophenone melt:- 

(i) When a beam of light is passed through 

a suspension of solids in liquid intensity of exit beam, 

I can be correlated to the intensity of incident beam Ie  

by the equation 

In Io . 0( A 

where X.,  constant, 

A = Total surface area of the 

particles in suspension. 

Since in each run, extinction of the stirrer 

is taken as the end point so in each case value of f AI  

must be same. 

(ii) With this assumption we can find the 

nucleation rate 'n' i.e. number of nucl-)i per second for 

each ,AT. According to the calculations given in the 

appendix 1, 'n' is given by 

n - 

    

K 
). 	
() 

95(iN7" ti  [re  (re+ tir) + trtip. 

      

where ti  = extinction time as mentioned above in seconds 

at a 	AT. 

re 	size of critical nuclei at the same AT 

in cm. 

growth-rate of crystal for same AT., cm./sec. 

constant. 
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Plot of &T vs 0(AT) as given in 

graph 23 shows how 'n' varies with AT. 	Detail 

calculations are given in Appendix 1. 

We believe, this is a very reliable method 

for measuring collision breeding rate in case of melts, 

because not only the experimental results are easily 

reproducible, but high degree of accuracy can be 

achieved by using photocells to measure the intensity 

of exit light. 
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TABLE No.12  

Results of the time required for the extinction of 

the stirrer at different supercooling. 

RUN No. /ST 	°C Average time required 

(of 3 readings for 
each AT) 

minutes 

196 0.5°  30.7 

197 1.0° 18.8 

198 1.5°  12.0 

199 2.0°  8.7 

200 2.5 5.2 

201 3.0 2.1 

202 3.5 2.0 

203 4.0 1.7 

204 4.5 1.3 

205 5.0 1.2 
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TABLE No.13 

Deduced from the Table No.12 

LT°0 ti  min. tisec. log 	t log AT. 

0.5 30.7 1840 3.2648 - 0..3010 

1.0 18.8 1129 3.0527 0.0000 

1.5 12.0 720 2.8573 0.1761 

2.0 8.7 522 2.7177 0.3010 

2.5 5.2 312 2.4942 0.3979 

3.0 2.1 126 2.1004 0.4771 

3.5 2.0 120 2.0792 0.5441 

4.0 1.7 102 2.0086 0.6021 

4.5 1.3 78 1.8921 0.6532 

5.0 1.2 72 1.8573 0.6990 

Out of the log-log and semi-log plots, we find 

that semi-log plot gives a better straight-line fit. 
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13. COLLISION BREEDING EXPERIMENTS WITH POTASSIUM 

BROMIDE SOLUTIONS USING TREATED SEED. (using the 

technique of section 3.) 

13.1. 	It was then decided to measure the collision 

breeding rate in potassium bromide solution at different 

supersaturations. The main reason for choosing this 

system was that some of the fundamental studies on the 

system such as pattern of growth, growth-rate measure-

ments etc. had already been carried out; in the laboratory 

by R.E.A. Mason. 	These might help to explain our 

results. 

13.2. Experimental details:- 

A potassium bromide solution saturated at 

35°C is prepared. 	This is then filtered into a 250 cc 

experimental cell, (Fig. 1) placed inside the thermostat 

bath. 

The solution is superheated at 45°C for 

l hours. 	Then it is cooled down gradually. When 

the bath temperature is 40°C a seed crystal of KBr of 

size 3 mm. is dropped into the solution and is stirred 

for 3 minutes to dislodge the crystallites. 	The 

solution is then cooled down to 36°C over a period of 

nearly i hour and is kept at this superheat of 1°C for 

another hour. 
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After this seed-treatment process is over, 

the solution is cooled down to the desired super-

saturation and is kept constant at that temperature. 

After 10-15 minutes of attaining this 

temperature, the solution is stirred for a fixed period, 

in this case for only 15 seconds. 	The position and 

speed of the stirrer is adjusted for 'good sliding' of 

the seed as defined in section (3). 	Sometimes when 

the seed crystal is very small, it has a tendency to 

rise up in the bulk of the solution instead of sliding 

across the bottom of the glass vessel. 	This results 

in 'poor sliding'. 

These experiments are repeated at different 

supersaturation or QT. 

13.3. Results:- 	The results of the experiment are 

given in table No. 14. 

It is evident that even for as small a 

period of stirring as 15 seconds and as low a bT 

as 0.5°C, the number of nuclei produced for 'good 

sliding' of the seed is too large to count. 

13.4. Discussion:- 

In the subsequent sections, we have tried 

to explain this high collision breeding rate of the KBr 

system by studying the growth pattern of KBr crystals. 
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TABU', NO. 14.  

Results of collision breeding experiments 

with KBr system. 

Saturation tempe7yature of the solution = 35°C. 

Run.No. AT°C Time of stirring 
seconds. 

No. of 
nuclei. 

Size of 
nuclei 

mm. 

Type of 
sliding 

206 0.5 15 >300 ,--1.0 good 

207 0.5 15 >300 ^,1.0 H 

208 1.0 15 ';,300 --1.0 H 

209 1.0 15 >300 ^, 1.0 H 

210 1.5 15 )300 ^,1.5 H 

211 1.5 15 )300 "01.0 H 

212 1.5 15 >300 ^41.0 H 

213 2.0 15 227 0-,  0.5 poor 

214 2.0 15 50 e- 0.5 poor 

215 2.0 15 >300 et' 1.0 good 
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14. STUDY OF NUCLEATION AND CRYSTAL GROWTH IN POTASSIUM 

BROMIDE SOLUTION ON MICROSCOPE SLIDES.  

To explain the exceedingly high colliuion 

breeding rate of the KBr system some independent studies 

were made on nucleation and growth of nuclei in a drop 

of KBr solution on a microscope slide. 

14.1a. Nucleation due to supercooling:- 

A drop of KBr solution saturated at 37.5°C 

and superheated at 45°C is put on the slide and observed 

through the microscope at a magnification of 20. 

Soon large numbers of nuclei appear in the 

drop as the drop cools down to the room temperature 

(Fig. 14). 	There are two types of nuclei:- small, 

opaque cubes and thin, transparent squae or rectangular 

platelets. 

Almost all the cubes grow faster in the 

horizontal plan and ultimately become flat and opaque, 

square plate-like crystals. 	Initially the cubes have 

sharp edges and plain faces. After their growth is 

complete the upper face is covered with concentric squares.. 

Most of the thin platelets retain the same 

size and shape as at the start. 	Some of them however 

become thicker and opaque. They usually do not grow 

laterally. 



NUCLEATION 	OF 	K Br 	SOLUTION 	ON MICROSCOPE 	SLIDE 

AT HIGH SUPERCOOLING 

MAGNIFICATION 	X60 

FIG. N9- 14 
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14.1b Nucleation due to surface-evaporation.  

Experimental details:- 

In this experiment, a drop of KBr solution 

saturated at room temperature is put on the microscope 

slide and observed under the microscope. 

In all such cases nucleation occurs first 

around the edges of the drop. Then spikes project out 

from the edges of the drop (Fig.15) and travel fast over 

the surface. 	In all cases, the spikes are straight 

and parallel to each other. Very often these spikes or 

needles are dendritic in form, i.e. side-branches grow 

out of the main needle, as in fig. 16. 

Eventually these spikes become thicker and 

fill up the gaps between themselves. 	lifter this a growth 

front with saw-tooth edge advances from all sides towards 

the centre of the drop along its surface (Fig. 17) and 

ultimately merges at the center. 	It is a very fast 

process. 

When viewed through polarising attachment 

this surface layer of crystals exhibits widely different 

colours and extinction angles. 

14.2 DISCUSSIONS:- 

a) The experiments of section 14.1a show us the types 

of nuclei we encounter during our collision breeding 

runs. Though not many platelets are formed at lowAT 
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(section 19), but cubic crystals with imperfections 

on the surface are formed even at ,AT .0.5°C. 	These 

imperfections are mainly in the form of large numbers 

of parallel growths. It is very likely that this 

defective crystal structure J_s responsible for the 

high collision breeding rate. 

b) We carried out a more detailed study on platelet 

formation as shown in section 19. 

c) In the experiments described in section 14.1b the 

parallel pattern of the spikes (Fig. 15), tends to 

suggest that the crystals may be all part of one single 

crystal. 

Also the parallel pattern of the side-

branches (Fig. 16) prove that the spikes and their 

side-branches are essentially single crystals. 
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DE NDRI TIC 	GROWTH 	FROM 	THE 	EDGES 	OF 	A 	SLOWLY 

EVAPORA Tf NG 	DROP OF 	K Br 	SOLUTION 

MAGNIFICATION X60 

FFG. 	N° - '15 
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GROWTH FRONT ADVANCING OVER THE SURFACE OF A DROP 

OF 	K B r 	SOLUTION 	EVAPORATING 	SLOWLY ON A 

MICROSCOPE 	SLIDE . 

FIG, N? - 17 



171. 

15. CRYSTKIAGROVTH OF BENZO2HENONE MELT ON MICROSCOPE 

SLIDE.  

15.1 Experimental details:- 

In this experiment, a drop of benzophenone 

melt is placed on a microscope slide. This melt is 

initially at a superheat of nearly 10°C. 

However, by the time the microscope is 

adjusted and the drop is viewed, the whole drop is found 

to be covered with a layer of crystal exhibiting parallel 

steps. (Fig. 18). 

In some of th- experiments the crystal growth 

fronts with saw-tooth edge are seen advancing very fast 

along the surface.of the drop and merging into its center. 

In this case the steps are parallel to the 

direction of growth and no steps perpendicular to the 

direction are seen, similar to those shown in Fig. 17 

with KBr. 

15.2 Experimental details:- 

In the second experiment, a drop of acetone 

is placed first of all on the microscope slide; a drop 

of benzophenone melt is then added. This eventually 

dissolves in acetone. 

In this case also surface crystallisation 

occurs as in the experiment no. 15.1. But the width 

of the successive steps mentioned in 15.1 is much larger 

in this case. 



CRYSTALLISATION ON THE SURFACE OF A DROP OF 

BE NZOPH E NONE MELT 

MAGNIFICATION 	X 60 

FIG. N° - 18 
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A striking observation is the peculiar 

pattern of inclusions seen on the surface layer of 

these crystals. 

15.3. DISCUSSION:_. 

Considering the photographs in Fig. 19 and 20 

it seems that these inclusions have a preferential 

direction, perhaps parallel to the crystallographic 

planes. 

If this be so then it must be concluded 

that the surface is polycrystalline, since the lines 

of inclusions are only Daiallel over restricted areas. 
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INCLUSIONS IN 	BEN ZOPHE NONE 	CRYSTAL 	GROWN 	FROM 

ITS SOLUTION IN ACETONE 

MAGNIFICATION X 60 

FIG. Nc)  -19 
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16. POLYCRYSTALLINE GROWTH OF POTASSIUM BROMIDE AND  

DEVELOPMENT OF TECLNIQUE TO ELIMINATE POLYCRYSTALLINE  

GROWTH. STUDY OF PARALLEL GROWTH PATTERN.  

16.1. The main object of these experiments was to find 

the conditionswhich determine whether potassium bromide 

grows as single crystals or as polycrystals. 	Also 

further studies have been made of the growth pattern 

of KBr single crystals, since thfs growth pattern is 

believed to be an important factor in determining the 

rate of collision breeding. 

16.2. Growth of treated sled crystals:- 

Experimental procedure is as follows:- 

1. Solution saturated at 35°C. 

2. Heated at 45°C for 13 hours. 

3. Cooled to 40°C. 

4. A seed crystal (ft,2 mm.) attached at the end 

a glass rod introduced into the solution. 	Seed 

rotated for 3 minutes at 40°C. 

5. The solution then cooled to 35°C. 

6. Seed rotated at 35°C for 1 hour. 

7. Solution cooled to the desired AT and seed grown 

at this AT, either stirring or in unstirred 

solution. 

16.3a. Unstirred Growth pattern:-(with treated seed crystal) 

When the solution is unstirred the seed crystal 
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develops parallel-growths on all its faces (Fig.21). 

These parallel-growths are quite discrete and large, 

some up to 0.5 mm. square. 	All of these parallel- 

growths have square cross-sections and the orientations 

of all of them on a particular face are more or less the 

same, as seen bygoniometric measurements. 

The measurements of orientations of four 

faces of such a crystal are given. 	de name the 4 

faces of the particular crystal as a, b, c and d as 

shown in the fig. 22. 

Face 'a' is found to have a single orien- 

tation only. 

Face 'b' has two orientations say b1,and 

b2, we find 

b1 b2 = 3°  53'  

Face 'c' has four orientations say c1, 

c2, c3, and 04. 

c1 - c2 0°  36' 

c1 - c3 
0°  56' 

C' - 4  2°  28' 1  
. 	- °3 = 0°  20' e2  
c2  " -c4 1°  52' * 

c3 - 4 1°  32' 

Face 'd' has two orientations say 

d and d2 
1°  33' 
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TYPICAL 	PLAN 	V IEW OF 	ANY FACE 	OF A 	K Br CRYSTAL 

GROWN FROM A TREATED SEED IN UNSTIRRED SOLUTION 

	

AT 	&T"' 3 °C 

FIG. N° - 21 
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GLASS SPIKE 

FACES OF KBr CRYSTAL 	MARKED a, b,c & d WHOSE 
ANGLES OF ORIENTATION WERE MEASURED 

FIG. N?- 22 
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These results show that difference in 

orientations of various parallel growths in a 

particular face is very small. 

If we take the average angle of orien-

tation between two faces we rind that 

ab = 890  15' 

bc = 90°  59' 

cd = 91°  25' 

da = 89°  21' 

The above observations suggest that the 

crystal is most probably a distorted single-crystal. 

All the little cubelets may be considered to have a 

more or less continuous lattice with the parent, 

although the orientation of each of the cubelets must 

be slightly different from that of its neighbours. 

It is not perhaps clear, how the distortion arises, 

whether by the introduction of a succession of tilt-

boundaries or by the straining of an otherwise correct 

lattice. 	This case appears to be very similar to that 

of the dendrites in Fig. 16; the dendrites are certainly 

not all perfectly aligned with each other, though they 

are fairly obviously part of one parent lattice; the 

polarisation colours of tho dendrites certainly, suggest 

the existence of strain. 



HOPPER-SHAPED 	CRYSTAL 	OF 	K Br 	GROWN 	AT 	AT --, 6 °C IN 

UNSTIRRED SOLUTION AT THE BOTTOM OF THE FLASK 

FIG. N? - 23 
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However, when treated seed crystals resting 

on the bottom of the flask were grown at 4ST)06°C, they 

tended to grow hopper-shaped (Fig. 23) i.e. of decreasing 

lateral dimensions with increasing height. The parallel 

growths on each of the faces appear to have more or less 

the sane orientation as mentioned above. 

16.3b. Stirred growth pattern:- 

When the treated seed crysoal is grown in 

a stirred solution, the sizes of these parallel growths 

become smaller than in unstirred solutions. 	But, as 

before, the orientations of all these parallel growths 

more or less conform to the cubic growth behaviour of 

the KBr crystal. 

The typical growth crystals are very similar 

to the figure 24. 

16.4. Growth of untreated seed crystal:- 

A solution of KBr saturated at 35°C is 

prepared gravitimetrically. 

It is superheated at 45°C for 	hours. 

Then it is cooled down to the desired supercooling and 

is kept constant at this T. 	The seed crystal of KBr 

attached et the end of a glass spike by araldite is 

immersed in the solution and is allowed to grow unstirred. 

In all cases the seed crystal grows into a 

polycrystalline mass. 	These polycrystalline aggregates 

closely resemble the photographs given by Mason (Fig.25). 
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Such polycrystalline growth may perhaps be 

due to the fact that crystallites lying on the surface 

of an untreated KBr seed and having random orientations 

are sufficiently fixed to the crystal, so that they do 

not fall off on immersion in the solution. Also we 

believe that these crystallites perhaps tend to grow 

faster than the main crystal face. Consequently during 

growth the latter cannot cover up the :ormer and a 

polycrystalline aggregate results. 

16.5. Discussion:- 

From experiments in subsection 16.3, it 

seems that the very great tendency to breed during 

collisions even in the case of treated KBr seeds may 

well be connected with the imperfect growth structure 

described above. 

The experiments in sub-section 16.3 and 

16.4, show that while a treated seed crystal grows into 

a single crystal with parallel-growths, an untreated 

seed crystal always grows into an agglomerate. 



KBr CRYSTAL GROWN FROM A TREATED SEED IN A 

STIRRED 	SOLUTION 

FIG. N-S)- - 24 
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POLYCRYSTALLINE 	AGGREGATE 	OF 	K Br 	GROWN 	FROM AN 

UNTREATED 	SEED 
( REF:- MA SO N13 ) 

FIG. N - 25 
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17. COLLISION BREEDING EXPERIMENTS WITH POTASSIUM 

CHLORIDE SOLUTION USING TREATED SEED.. 

17.1. In the collision breeding experiments with KBr 

solution, we found that the growth pattern of the seed 

crystal was a very important factor in determining the 

collision breeding rate. We tried to verify this fact 

with the potassium chloride system. It was found that 

a KC1 crystal grown from aqueous solution has a growth 

pattern exactly similar to KBr crystals. 	That is to 

say KC1 crystals also exhibit a large number of parallel- 

growths on its faces. Accordingly we would expect a 

high collision breeding rate. 

17.2. Experimental details:- 

The collision breeding experiment with KC1 

solution using treated KC1 seeds is carried out exactly 

as described in sub-section 13.2 for KBr. 

17.3. Results:- 

The resultsrof the experiment are given in 

table 15. 

17.4. Discussions:- 

As with KBr, we find that even for as small 

a stirring time as 15 seconds and as small a AT as 0.500 

the number of nuclei of KC1 produced is extremely large. 

This is in conformity with the suggestion that 

crystals exhibiting a growth pattern involving many surface 

irregularities in the form of parallel growths, should lead 

to high collision breeding rates. 
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TABLE 15.  

Results of the collision breeding 

experiments with K01 system:- 

Saturation temp. of the solution = 35.0°C. 

Run No. LVT°C Time of 
stirring 
seconds 

No. of 
nuclei 

Type of 
stirring. 

222 0.5 15 >300 good 

223 0.5 15 >300 

224 0.5 15 >300 It 

225 0.5 15 >300 

226 1.0 15 )300 

227 1.0 15 >300 It 

228 1.5 15 >300 

229 1.5 15 >300 

230 0.5 15 >300 

231 0.5 15 >300 
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18. BREEDING EXPERIMENTS WITH TREATED AND UNTREATED 

CRYSTALS OF KOL.  

18.1. It has been reported by Mason13  in his 

experiments with KBr that "In about half the runs, it 

can be seen that what has been termed 'true breeding' 

occurred. 	In fact, this consisted of the detachment 

of relatively large crystal particles and normally 

occurred only after stirring was started; it is evident 

that the mechanical weakness of the imperfect growth forms 

obtained is an important factor. In two runs this growth 

was so weak that large crystal pieces were observed to 

fall from the seed even before the stirring was begun." 

In all the runs, seed crystals were immersed 

into the supercooled solution. 	Thus they were not treated. 

All the runs were preceded by 'initial breeding'. 

;le have carried out breeding experiments with 

treated and untreated seed crystals of K01 and have shown 

how they differ considerably, and have then tried to 

interpret Mason's results. 

18.2. Experimental details:- (with treated seeds)  

1. Prepared a solution of KO1 saturated at 35°C. 

2. Superheated the solution at 45°C for li hours. 

3. Cooled it down to 40°C. 

4. A seed crystal of KBr, nearly 3 mm. size and attached 

at the end of a glass-spike by araldite is lowered 
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into the solution, after washing it with distilled 

water. 

5. Seed is rotated in solution for 3 minutes. 

6. Solution is cooled down to 35°C in hour and seed 

is rotated at ,,, 700 rpm for 1 hour at 35°C. 

7. Th'rin seed is continued rotating and solution cooled 

down at a cooling rate of 7.8°C/hour. 

Results:- 

The seed was seen to grow as a single crystal with 

parallel growths, but no nuclei were seen in any 

other part of the solution until a solution temperature 

of 29.0 to 29.6°C was reached. 

The run was repeated five times and the final 

supercooling in altthe cases lay between 6.0 to 5.4°C. 

When the final supercooling was reached, 3/4 nuclei 

appeared in the solution. Soon they grew in size and 

settled to the bottom and started sliding over the glass. 

Immediately large number of nuclei appeared and stirring 

was stopped. These crystals were dissolved and the run 

was repeated. 

18.3. Experimental details (with untreated seeds).  

1. A solution of KC1 saturated at 35°C is prepared. 

2. Solution is superheated at 45°C for l hours. 

3. Then it is cooled to 35°C. 

4. A seed crystal of KBr nearly 3 mm. in size and attached 



190. 

at the end of a glass-spike with araldite is dipped 

into the solution. 

5. Immediately some small crystal-particles fall off 

from the seed. 

6. Seed is then rotated at 700 rpm and solution is 

cooled down at a cooling rate of 7.8°C/hour. 

7. Seed grows as a polycrystalline aggregate and small 

particles continue to break off from its •surface. 

8. By the time a supercooling of 2.5°  to 3.0°C is 

reached, solution becomes completely filled with 

crystals and stirring is stopped. 

9. These crystals are dissolved by superheating the 

solution and run is repeated. 

10. In all the five runs this final supercooling lies 

between 2.5 to 3.0°C. 

18.4. DISCUSSIONS:- 

Breeding with untreated and treated seeds of potassium  

chloride:- 

From the above experiments we find that in 

the case of treated seeds breeding occurred at a AT = 

5.4° 6°C. 

Apparently therefore a form of breeding 

can occur with properly treated crystals of KC1: since 

this probably involves breaking off of a portion of the 

KC1 crystal itself, this process must be classed as 
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'needle breeding', such as was observed by Mason with 

MgSO4, 7H20. 

In case of untreated seeds breeding occurred 

virtually at the saturation temperature and by the time 

a supercooling of 2.5 to 3.000 was reached the number of 

nuclei bred was excessively large. Apparently breeding 

in this case seems to be an extended form of initial 

breeding. 

These observations with KC1 are of importance 

for the interpretation of the results of Melia and Moffitt  

which will be discussed in the chapter on General 

discussion. 

Strength of crystal aggregates:- 

In the case of untreated seeds, when grown 

into a polycrystalline aggregate, the different crystals 

are very poorly bound together (because they can be 

easily detached by slight rotation). In the case of a 

treated seed, grown into a crystal with parallel growths, 

these projections are very firmly bound to the parent 

crystal. This supports our previous statement that in 

spite of these projections this is essentially a single 

crystal. 

1 ason's13  work:- 

It has been shown above that KBr and KCl 

crystals both grow in the forms known as 'parallel growths' 

when treated and as 'polycrystalline aggregates' when 
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untreated. 

Consequently, we believe that the breeding 

observed by Mason was primarily due to insufficient 

pre-treatment of his seed crystals. As in our experiments 

with untreated, he found that even at low AT, slight 

agitation led to breaking off of crystal bits from the 

seed. 

At this stage, it is worth mentioning that 

we found experimentally that KCl solution in the absence 

of a seed crystal can be super-saturated by 

a) AT ^- 13°C (without stirring) 

and b) ZST 	10°C (with stirring) 

without having spontaneous nucleation. 
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19. STUDY OF PLATELET FORMATION BY COLLISION BREEDING  

IN POTASSIUM CHLORIDE SOLUTION.  

19.1. An interesting observation made during the 

collision breeding experiments of KBr and KC1 was the 

formation of thin platelets and ribbons or whiskers 

in the stirred solutions above a certain supercooling. 

This was found to occur in more and more significant 

proportions as the supercooling was increased. 	Some 

further peculiar aspects of the behaviour of these 

platelets and whiskers are described in this section. 

G.W. Sears18 carried out similar investigations 

with KC1 solutions. Cur observations are in close 

conformity with those made by Sears. One important 

aspect of the present investigation is that these have 

been conducted at a very low supercooling i.e. below 4°C, 

while all the observations made by Sears are at a 

supercooling above 8°C. 

The specific points investigated are: 

the minimum value of supercooling above which platelets 

and whiskers are formed in course of the collision breeding 

runs; their initial interference colour; and the subse-

quent mechanism of their thickening. A mechanism of 

formation and growth is also tentatively suggested. 

19.2. Experimental details:- 

A solution of KC1 with saturation temperature 

35°C is prepared. 	This is superheated at 45oC for 1 hours. 
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The solution is then cooled down and 

when the solution temperature reaches 40°C, a seed 

crystal of nearly 3 mm. size is dropped into the 

solution inside the flask (Fig. 1). 

The solution is immediately stirred for 3 

minutes to discard any crystallites present on the 

seed surface. 

It is then cooled down to 36°C in 4- hour 

and is maintained at this temperature for another i hour. 

The solution is then cooled down to Ts  = 35°C 

and is maintained at this temperature for 1 hour. 

After this seed treatment operation is over, 

the solution is cooled down to the desired supercooling 

and is maintained at this AT. 

Approximately after 10 minutes of attaining 

this 4T, the solution is stirred for a fixed period 

1 (T.  - 2 minutes). 	The position end rpm of the stirrer 

is so adjusted as to obtain good sliding of the seed. 

After stirring for this fixed period the 

stirrer isstopped; the nuclei formed are allowed to settle 

down and different types of nuclei and their behaviour are 

closely studied. 

19.3. Results:- 

The results of the experiments are given in 

table 16. 

This shows the types of nuclei produced at 
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Mal 

0 

0 

0 

TABLE No. 16.  

Results of the experiments of the Section 20.  
.. 

Run 
No. 

6 

LiT 
oc  

c 
Time of 
stirring 

Types 	of nuclei 	Types 	of 	nuclei __ am 
Cubic 

number 

Platelets 
seconds 

 Ribbons Whiskers Remarks 

number size 
mm. 

number size 
mm. 

number 
mill_2__ 

size 

232. 1°  25.  

233 1°  120.  

234 1°  60 

235 1.5°  15 

236 1.5°  60 

237 1.5°  15 

238 1.5°  30 

239 2.0°  15 

240 2.0 30 

241 2.0 15 

242 2.0 15 

243 2.0  30 

244 2.0 60 

245 3.0 ' 15 

246 3.0 15 

47 	. 

hundreds 

.hundreds 

0 

0 

-0 

=MP 

- 

0 

0 

0 

MM. 

36 1 2 x 2 0 - 

hundreds 1 • 2 x 2 0 - 

24 0 - 0 - 

89 0 0 - 
40 • 3 2 x 2 0 

150 4 1 x 1 2 2 
.•••' 

33 1 1 x 1 1 3 
1 0.5 x 0.5: 

15 4 1.5 x 1.5 2 3 
1 1.5 x 3 
1 1 x 3 2 4 

200 2 2 x 2 
2 

2 1 x 1 

hundreds 2 0.5 x 0.5 2. 2.5 
2 1.0 x 1.0 

hundreds 8 2.5 x 2.5 0 

92 

0 

0 

0 

0 
1 	4 	One platelet appears immediately. Other 

two appear 5 minutes after stirring is 
stopped. 

O - 	All the platelets & ribbons are inter- 
ference coloured and appear after nearly 
3 minutes since stirring stopped. 

O - 	All the platelets and ribbons are inter- 
ference coloured. 

One of the platelets appears immediately 
O - 	after the stirring is commenced, others 

appear after stirring is stopped. 

3 	The platelets begin to appear after 3 
minutes since stirring is stopped. 

2 	1.5 

O All platelets & ribbons are interference 
coloured. 

O - 	All the eight platelets appear immediately 
after stirring is commenced. 

O All the- platelets appear immediately after 
1.0 x 1.0 	 commencement of stirring. 
3.0 x 3.0 
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Run 
No. 

AT 
oc  

Time of 
stirring 
seconds 

Types 	of 	nuclei. 	Types 	of 	nuclei 

Cubic Platelets Ribbons 	Whiskers Remarks 

number number size 
mm. 

number 

	

size 	number 	size 

	

mm. 	- 	mm. I 

247 	3.0 	30 	hundreds 	3 	1.5.x 1.5 	0 Platelets are not interference coloured. 

248 	3.0 	60 	hundreds 	1 	2 x 2 	0 	 0 	- 2 x 2 platelet appears immediately 
after stirring is started. 

3 	1 x 1 

2 	0.5 x 0.5 
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different AT, the approximate sizes of these platelets 

or ribbons at the instant they become visible and also 

the time elapsed before they become visible since the 

stirring is commenced. 

Sears has stated "Since platelets give 

sufficient reflectance to be observed in a fairly narrow 

solid angle of vision defined by the normal to the lateral 

face and the direction of the incident light, only .a 

fraction of platelets are in view at any time". More-

over, very small platelets are found to undergo Brownian 

movement, moving up and down the solution without settling 

to the bottom, even after long periods. 	Consequently, 

it is not possible to find the exact number of such 

platelets or ribbons produced during the experiments, 

by noting those settled at the bottom and those shining 

in the solution. 

19.4. Conclusions:- 

From the results supplied in the table 

we can make tbe following conclusions:- 

a) At AT ... 1°C, no platelet is formed. 

b) At AT = 1.5°C, occasionally one platelet is formed. 

c) At AT = 2.0°C and above always platelets and 

ribbons and sometimes whiskers are 

formed. 

d) However, the minute and opaque cubic nuclei are formed 

at all 	T. 
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e) The number of platelets and ribbons or whiskers 

produced increases with increase of AT. 

f) The size of the platelets and the lengths of ribbons 

or whiskers tend to decrease with increase of stirring 

period. 

19.5. Discussions:- 

a) Interference colour and thickening of the platelets:- 

It is generally seen that most of the extremely 

thin platelets floating in the bulk of the solution have 

interference colours mainly yellow, blue, green, pink and 

violet. Only very few of these thin platelets are found 

to be opaque. 

The thinnest platelets floating in the 

solution become visible after 3 - 8 minutes after 

stirring is stopped and are found to increase in size 

gradually. However they do not thicken as long as they 

are in suspension. 

Some of the platelets are found near the 

bottom of the flask immediately after stirring is 

started. 	The phenomenon is very striking since these 

platelets, opaque and thick and quite large (of sizes 

ranging from 1.5 x 1.5 mm2 to'3 x 3 mm2) become visible 

all of a sudden when the seed starts sliding with the 

commencement of stirring. 	These opaque platelets do 

not grow in size, but their thickness increases with 

time. 
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If the interference coloured platelets 

fall. flat on the cubic crystals resting at the bottom, 

they immediately loose their interference colour and 

become thick and milky white. This occurs only:if 

the cubic crystals hit against their flat face. Some 

ribboni and platelets resting on their edges i.e. not 

being hit on their flat face, are found to maintain 

interference colours for a long time until they fall 

flat. 

This observation is very much in conformity 

with that made by Sears18. 

b) Mechanism of growth of these platelets:- 

The very fact that these platelets and 

ribbons do not increase in thickness as long as they 

are in suspension in the supersaturated solution 

suggests, in accordance with commonly held views, that 

initially they have got perfect faces, free from 

dislocations intersecting the surface. 

The degree of supersaturation used is much 

below the value at which stable two dimensional nuclei 

are considered to be able to form. 

It must also be assumed that molecules 

arriving near the edges of the big faces can migrate to 

the edges and contribute to the growth of the edge faces. 
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We believe that once the perfect faces of 

a platelet are hit by cubic crystallites, dislocations 

are produced at the point of contact. Consequently 

molecules hitting the faces of the platelet eventually 

get anchored on the dislocation steps and the platelet 

thickens quickly. 

Here we will again quote Sears18,  

"Previously platelets had impinged upcn a second crystal 

and almost instantaneously thickened. The presence of 

lead chloride slowed down the thickening process, so that 

its progress could be observed in some detail. 	After 

impingement smoothly shaded interference colour bands 

originated at the impingement sites and swept across 

the lateral platelet face". 

c) Mechanism of formation of these platelets:- 

Before suggesting a mechanism for the 

formation of these platelets we must list some further 

observations made by ourselves and others. 

It was noted that spontaneous nucleation 

occurred in an unstirred solution of KCl at AT 0̂ 13°C. 

These nuclei appeared on the bottom of the flask, spread 

out at random. 	They were in the form of thin, opaque 

and square platelets. They grew in height and laterally 

as well and ultimately became the hopper-shaped crystals 

shown in Fig. 23. 
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Sears18 observed similar nucleation on a 

glass wall at/ITev11°C. 	"The wall nucleation was 

confirmed by the appearance of visible crystals at the 

wall if the solution is held at 27°C (Ts  . 38°C) 

without agitation for 30 minates.!' 

However, in the experiments conducted at 

AT < 3°C, no wall nucleation was seen. 	If the 

solution containing the treated seed crystal was left 

unstirred, only the seed grew, no platelets appeared in 

the solution. 

However, in eight out of a total 17 runs, 

it was found that one or more platelets appeared 

immediately after stirring was started i.e. just after 

the crystal started sliding. 	While in other cases 

platelets appeared after some time interval. 

These observations make us believe that 

platelets are formed not only in collisions or during 

the sliding of the seed along the glass wail, but also 

when the seed rests at the point of contact. 

The platelet might have grown out of any 

crystal fragment broken from the seed when it first 

settled on that spot. 

d) Effect of supersaturation on number of platelets and 

needles. 

It is seen from table 16 that whereas below 

4T .1.5°01  no platelet or needle is formed, above 
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AT 1.5°C the number of platelets, ribbons and needles 

formed increases with AT. 

Sears18  noted that whereas at 41T ,‘,18°C 

only massive hopper-shaped crystals were formed, at 

4T ^#8°C platelets, ribbons and needles were formed 

in large numbers. 

Thus there is an upper as well as a lower 

limit to the AT for platelet formation. 
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20. GROWTH RATE STUDY OF POTASSIUM CHLORIDE CRYSTALS  

FROM LQULOUS SOLUTION.  

20.1. 	It was noted during the preceding experiments 

with KC1 that in general a treated seed tended to crow with 

parallel growths. However, it is known that large KC1 

crysta2s with smooth surfaces are grown in industry. 

Consequently, we tried to find out whether by changing 

the growth-rate of the crystal, the grcwth pattern could 

be changed. 

It was found that perfect crystals could 

only be grown below /NT 0.3°C; above this the crystals 

were partially opaque and displayed parallel growths. 

In spite of this however the growth measurements were 

continued up to a 4T of 2°C. 

20.2. 	Experimental details:- 

A solution of KC1 saturated at 35°C is 

prepared gravitimetrically. 	This is superheated at 

45°C for li hours. 

The solution is then cooled down to 40°C 

and a seed crystal of nearly 3 mm. size and attached at 

the end of a glass spike is inserted into the solution 

and is given the superheat treatment described in section 

18.2. 

The solution is then cooled down to the 

desired supersaturation and the seed is grown by rotating 

it at rpm varying between 700 and 1000 and the increase 
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in length vs time is plotted to find the growth-rate. 

The growth-rate measurements are repeated 

for different values of 21T. 

The end faces of the KC1 crystals do have 

usually 2-3 parallel growths, especially at AT > 0.5°C. 

The average extension of all these parallel growths is 

measured. 

20.3. Results:- 

The results of the experiments are given in 

the table 17 and are plotted in the graph 24. 

20.4. Discussions:- 

Rates of growth  

a) There is quite a good amount of scatter 

in the result especially above AT = 100. As can be 

seen from section 21, one of the most obvious reasons 

is that an rpm ,e700 is not sufficient to eliminate the 

dif:usional resistance for AT > 1°C. Consequently 

growth-rate changes as rpm changes between 700 to 1000. 

b) The log-log plot of growth-rate vs 

supersaturation, leads to the following correlation:- 

± r .-(77.27 	1.09).(Lo)1.81 	0.13  

Where 	r = growth-rate,gm.moles/cm2  sec. 

6C = supersaturation,gm.moles/c.c. 

Pattern of growth:- 

It is seen that up to AT = 0.3°C, i.e. 

up to a growth-rate of 3 x 10-6 cm/sec., the seed crystal 
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grows as a perfect transparent crystal free from any 

parallel growths. 

This is in conformity with the fact that 

perfect KCI crystals are grown in industry at a growth- 

rate of nearly 1 x 10-6 cm./sec. 

From AT . 0.3°C to !NT = 0.5°C, the seed 

is found to grow some discrete opaque zones along its 

length interposed between transparent zones. 

Above AT = 0.5°C, the seed always grows 

as opaque crystal with parallel growths on all its faces. 



206. 

TABLE NO. 17.  

Growth-rate measurements of KC1 crystals from aqueous  

solutions.  

Run No. 4NT°C 
gm.moles 

growth-rate 
cm/sec. 
x 106 

growth-rate 
gm.moles 

c.c. 
x 106 cm2 sec.8 x 10 

242 0.3 12.056 2.78 7.411 

243 0.3 12.056 2.94 7.838 

244 0.5 20.118 11.11 29.619 

245 0.5 20.118 11.02 29.379 

246 0.5 20.118 10.30 27.460 

247 0.75 30.177 20.00 53.320 

248 0.75 30.177 21.10 56.210 

249 1.00 40.236 34.20 91.177 

250 1.00 40.236 36.60 98.230 

251 1.00 40.236 37.23 99.175 

252 1.25 50.295 45.80 122.103 

253 1.25 50.295 46.42 123.500 

254 1.50 60.354 76.90 205.015 

255 1.50 60.354 60.10 160.227 

256 1.50 60.354 60.00 159.960 

257 1.50 60.354 64.50 171.957 

258 1.75 70.413 74.30 198.084 

259 1.75 70.413 83.70 223.144 

260 1.75 70.413 90.00 239.900 
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TABLE No. 17. (Continued) 

Growth-rate measurements of KC1 crystals from aqueous  

solutions.  

Run. No. 	AT°C 	AC 
gm.moles  
c.c. 
x 106 

growth-rate 
cm/sec. 
x 106 

growth-rate 
gm.moles  
cm2 sec 
x 108  

261 2.00 80.472 121.00 322.586 

262 2.00 80.472 113.00 301.258 

263 2.00 80.472 111.00 295.926 

264 2.00 80.472 117.00 311.922 

265 2.00 80.472 106.80 284.729 
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AC 
gm.moles 

TABLE No. 18. 

log. r log ( 40) r, growth-rte 
gm.moles/cm 	sec. 

x 108 CfCIP 

X 106 

12.056 -4.919 7.411 -7.130 

12.056 -4.919 7.838 -7.106 

20.118 -4.699 29.619 -6.528 

20.118 -4.699 29.379 -6.532 

20.118 -4.699 27.450 -6.561 

30.177 -4.521 53.320 -6.274 

30.177 -4.521 56.210 -6.250 

40.236 -4.396 91.177 -6.040 

40.236 -4.396 98.230 -6.008 

40.236 -4.396 99.175 -6.004 

50.295 -4.299 122.103 -5.914 

50.295 -4.299 123.500 -5.909 

60.354 -4.220 205.015 -5.688 

60.354 -4.220 160.227 -5.795 

60.354 -4.220 159.960 -5.796 

60.354 -4.220 171.957 -5.765 

70.413 -4.153 198.084 -5.704 

70.413 -4.153 223.144 -5.652 

70.413 -4.153 239.900 -5.630 

80.472 -4.095 322.586 -5.492 

80.472 -4.095 301.258 -5.521 

80.472 -4.095 295.926 -5.529 
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TABLE No. 18. (Continued). 

60 
gm.moles  
c.c. 
x106 

log (&C) r, growth-rite 
gm.moles/cm sec. 

x 108 

log r 

	

80.472 	-4.095 
	

311.922 	—5.506 

	

80.472 	-4.095 
	

284.729 	-5.546 
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21. MEASUREMENTS OF THE EFFECTS OF STIRRING SPEEDS ON  

GROdTH RATES OF KC1 CRYSTALS IN SOLUTIONS OF CONSTANT  

SUPERSATURATION.  

21.1. 	The experiments in the last section were 

undertaken at stirring rates of 700 - 1000 rpm. It 

was later suspected that the rate was insufficient to 

eliminate the diffusional resistance completely and the 

following further work was undertaken. 

Growth-rates of the treated seed crystals were 

determined at different stirring rates and at super-

saturations of AT =1.0°, 1.5°  and 2.0°C. 

21.2. Results: 

The results are supplied in tables 19, 20 and 

21 and are plotted in the graph 26. 

Since mass-transfer rate is sometimes 

proportional to the square root of the Reynold's 

number, (rpm) is plotted against growth-rate. 

21.3. Discussions:- 

i) It is seen that for each AT, the growth-

rate of the crystal increases approximately linearly 

withVITE to a certain value: above which it remains 

constant: this implies that diffusional resistance has 

been eliminated and only surface reaction is controlling. 

The limiting rpm at AT 	= 750 rpm. 

1.5°C, = 835 rpm. 

11 	2.0°C, . 1037 rpm. 
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TABLE No.19.  

Growth-rates of KC1 crystals for different speeds of 

rotation of the crystal at constant supersaturation of:- 

AT = 1.0°C  

LAC = 40.236 x1.0-6  gm.moles/c.c.  

Run No. AT°C Speed of rotation 
of the seed 

r.p.m. 

(rpprigrowth-ratea  
cm/sec x 10' 

266 1.0°C 0 0 8.4 

267 151 12.3 21.5 

268 174 13.2 33.0 

269 44c; 21.2 37.4 

270 610 24.7 40.0 

271 734 27.1 46.5 

272 IT 745 2?.3 45.0 

273 
If 1005 31.7 45.2 

274 1218 34.9 45.2 

Limiting speed of rotation = 750 rpm. 

Limiting growth-rate = 45.2 cm/sec. = 120.517 x 1Q 8  
gm.moles/cmsec. 
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TABLE No.20.  

Growth-rate of K01 crystals for different speeds of 

rotation of the crystal at constant supersaturation 

of: 

,Q T = 1 . 5°C 
60.354 x 10-6 gm.moles/cc. 

	

Run No. ZIT°0 Speed of 	(rpm)3  growth rate a  

	

rotation 	cm/sec. x 10' 
rpm 

275 1.5°C 0 0 8.4 

276 ft  166 12.9 50.0 

277 II 190 13.8 46.8 

278 11 300 17.3 63.5 

279 ti 538 23.2 68.5 

280 tr 650 25.5 76.6 

281 II 708 26.6 76.5 

282 ti 824 28.7 86.4 

283 If  900 30.0 75.0 

284 Tr 1025 32.0 86.3 

285 II 1197 34.6 81.0 

286 it 1369 37.0 78.0 

Limiting speed of rotation = 835 rpm. 

Limiting graath-rate = 81.3 x 10-6 cm/sec. 

= 216.770 x 10-8 gm.moles  
cm2 sec. 
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TABLE No. 21  

Growth-rate of KC1 crystals for different speeds of 

rotation of the crystal at constant supersaturation 

. 2.0°C 

80.472 x 10-6  gm.moles/cc. 

Run No. 21T°C Speed of 
rotation 
rpm 

(rpm) growth rate a  
cm/sec. x 10' 

287 2.0°C 180 13.4 90 

288 II  199 14.1 80 

289 l, 346 18.6 106.3 

290 li 506 22.5 120.0 

291 if 718 26.8 140.0 

292 it 912 30.2 150.3 

293 ii 1056 32.5 161.8 

294 II  1115 33.4 160.0 

295 it 3246 35.3 161.0 

296 fl 1369 37.0 162.0 

Limiting stirring speed = 1037 

Limiting growth-rate = 161.6 x 10-6 cm/sec. 

430.875 x 10-8 gm.moles  
cm2 sec. 
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Also the limiting growth-rate at 1.0oCilT = 45.2 x 10
-6cm/sea. 

It 	ft 	 It 	 It 	 11 	It 
	1.5° 	.-81.3 x 10-6 

	
It 

If 	If 	 tt 	 11 	 IS 	It 
	2.0° 	= 161.6 x 10-6 If 

Since the limiting stirring speed for elimination 

of diffusional resistance ataT> 1.0°C is higher than 

700 rpm, we conclude that the scatter in the growth-rate 

results of section 20 for AT >1.0°0 was partly due to 

fluctuation of stirrer rpm between 700 - 1000 rpm. 

ii) Calculations on diffusional resistance:- 

For this purpose, the widely accepted model 

of mass transfer for the growing crystal (Fig.23) is 

considered. 

As is shown in the figure, 

AeS.0 = Total concentration difference = q,- co 
Cd  = Concentration difference across the 

diffusion barrier Cro - Cs 

4NCs Concentration difference at the surface 

C - C 

	

s 	o 
= aCd  4-L\Cs 	(1) 

Now growth rate, 

hd ,ACd  = hs(aCs)n 	(2) 

Where 	hd  mass-transfer coefficient across the 

diffusional barrier. 

hs is a constant. 

ha  may be a function of N, the speed of 

rotation; hs 
is independent of this hydrodynamic factor 
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and depends on the surface properties of the crystal. 

When diffusional resistance is overcome by 

sufficient stirring, we get 

41Cd  = 0 and ac s 
rrm, the maximum growth-rate of the 

crystal. 

From equation (2) 

m hs  (LCs)n = h (ANC)n  

or log rm  = log hs  n logiNC 

From a log-log plot of rm  vs AC (table 22 

and graph 27) for the best fitting line, we get, 

n 	1.870 = 1.87 ) 

	

) 	(3) 
hs  . 183.02 

From equations (2) and result (3) we get 

ACd 

bCs  

hd I 	1 
1.87 

h 	hs 
(4)  

(5)  and ha r 

 

5 
c 4,14.  " 

 

where lo = 183.02 

iii) Effect of stirring speed on the diffusional mass  

transfer coefficient hd. 

For a particular stirring speed N, knowing 

the average growth-rate r, we can calculate ha  for all 

the three AC values given in graph 26. Such calcul-

ations are repeated for stirring speeds of 144, 225, 
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TABLE No.22.  

From equation(L)we have, 

log rm  = n log /SC f log hs 	(4) 

where rm = maximum growth-rate achieved after 

elimination of diffusional resistance 

completely. 

rm 
gm.moles  
cm2 sec. 

log rm  AC 
Fm x moles  

c.c. 

log AC 

120.517 x 10-8  

216.770 x 10-8 

430.875 x 10-8 

-5.919 
-5.664 

-5.366 

40.236 x 10-6 

60.354 x 10-6 

80.472 x 10-6 

-4.396 

-4.220 

-4.095 

Slope of the best fitting line (Graph 27) 

= n=1.870 

Intercept = log hs  = 2.2625 

hs 183.02 
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324, 484 and 625 rpm and are given in tables 23, 24 

and 25. 

It is noted from these tables that at conc'tant 

rpm the value of hd  is more or less constant even though 

the growth-rate changes by nearly 300% and ,NC by 200%. 

A plot (Graph 28) of the average values hd  

vs rpm N, shows that for N = 0, ha  =0.033 cm/sec. 

The log-log plot (Graph 29) of (h(i -0.033) 

cm sec vs. N, rpm shows that two are correlated by the 

equation, 

hd  =0.033 	(4.36 x 10-4) (N)105°  

(Diameter of the seed crystals were 1-2 mm, however 

they were not measured.) 

This, however, is not in contradiction to the 

results plotted in Graph 26, where we have seen that 

growth-rate 'r' changes approximately linearly with (N)1. 

This is because we know that, 

r = hdd 
where with change in N, not only hd  changes, but 4Cd  

changes as well. 	Graph 26 only shows that product of 

these two parameters changes linearly with (N)2. 

iv) Effect of stirring speed on AC41/4Cratio.  

While an rpm of only 144 is necessary to reduce 

ratio to 25.5%, 28.3% and 30% for ,AT 	1.0°, 1.5°  

and 2.0°C respectively, but to reduce 	 Ccl = 0, rpm of 

750, 835 and 1037 are necessary at ZIT = 1.0°, 1.5°  and 

2.0°C respectively. 
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Calculations 

(6) and (7). 

For 

TABLE No. 23.  

ofACs' AGd and hd from the 

12 

equations 

N = 144 

ZST 	41C 
oC  gm.moles  c.c. 

x 106  

r, average 
growth rate 
gm.moles  
cm2 sec.8 x 10  

AC 
gm.moles  
c.c. 
x 106  

N3d  hd 
gm.moles cm 
c.c. 	sec. 
x 106 

1.0 40.24 64.5 30.00 10.24 .063 

1.5 60.35 127.0 43.20 17.15 .074 

2.0 80.47 208.0 56.15 24.32 .086 

Average value of hd =0.074 cm/sec. 

For 
A C 

oC 
AT 

gm.moles  
3.c. 
x 106  

Jv = 15 ; 
r 

gm.moles 
cm2 sect

x 10  

N = 225 
.QCs 

gm.moles  
c.c. 
x 106 

4Gld 	hd 
gm.moles cm 
c.c. 	sec. 
x 106 

1.0 40.24 75.2 32.70 7.54 0.100 

1.5 60.35 144.0 46.10 14.25 0.101 

2.0 80.47 241.5 60.90 19.57 0.123 

Average ha  =-0.108 cm/sec. 
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TABLE No.24.  

Calculations of !QCs, 43Cd and hd from the equations 

(6) and (7). 

For 4.17 = 18 

N 324 

AT AC 	r 	AOs  2N0d.  hd 
o C 	gm.moles 	gm.moles 	gm.moles 	gm.moles cm 

c.c.cm2 sec. 	c.c. 	c.c. 	sec. 
x 106 	x 108  x 106 	x 106 

1.0 40.24 86.0 35.00 5.24 0.164 

1.5 60.35 158.9 49.00 11.35 0.140 

2.0 80.47 274.0 65.10 15.37 0.178 

Average value of hd  0.161 

For J = 22, and N = 484 

.AT 
°0 

AC 
gm.moles 

r 
gm.moles 

ACs  
gm.moles 

ACd  
gm.moles 

hd 
cm 

c.c.cm2 
x 106 

sec. 
x 10

8 
 

c.c. 
x 106 

c.c. 
x 106 

sec. 

1.0 

1.5 

2.0 

40.24 

60.35 

80.47 

100.9 

180.1 

318.1 

39.70 

52.10 

70.60 

0.54 
8.25 

9.87 

1.868* 

0.219 

0.323 

Average value of hd  (for LS,T =1.5°and 2.0°0) 

.271 
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TABLE No. 25.  

For .r -N-- = 25 and. N 	625.  

AT QC 	r 	ZNCs 	ACd  hd  
oc 	gm.moles gm.moles gm.moles gm.moles cm. 

cc. 	c.c 	c.c.6 sec. .x 106 	cm2 	' sec 8 x /0 x 106 	x 106  

1.0 40.24 111.54 40.20 0.04 27.9* 

1.5 60.35 195.59 54.30 6.05 0.323 

2.0 80.47 352.24 74.40 6.07 0.580 

Average hd  (for AT =1.5°and 2.0°C) 

= 0.451 

* Value of &Ca  being very small, slight 

experimental error introduces large deviation in the 

value of hd (=- r 	). 
AC 
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TABLE No. 26.  

hd = 0.033 + K (N)m  

or hd-0.033 K (N)m  

i.e. log (hd  -0.033) = log K + m log N. 

N 
rpm 

log N hd 
cm 

hd  -0°033 
cm 

log (hd  -0.033) 

sec. sec. 

144 2.1584 .074 .041 -1.3872 

225 2.3522 .108 .075 -1.1249 

324 2.5106 .161 .128 -0.8928 

484 2.6849 .271 .238 -0.6234 

625 2.7959 .451 .418 -0.3788 

Equation obtained from the Graph 29. 

ha  =0.033 + (4.36 x 10-4)(n)1'5 
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TABLE No. 27.  

Variation in ACd 	and 	ACs 	ratios with 

increase of stirring speeds. 

o
c  

Acd 100 x 
ACs  

100 x 
hd 
cm 
sec 

1.0 

1.5 

2.0 

74.5 

71.7 

70.0 

25.5 

28.3 

30.0 

0.074 

1.0 81.3 18.7 

1.5 76.5 23.6 0.108 

2.0 75.7 24.3 

1.0 87.0 13.0 

1.5 81.2 18.8 0.161 

2.0 81.0 19.0 

1.0 98.6 1.4 

1.5 86.5 13.5 0.271 

2.0 87.7 12.3 

1.0 99.9 0.1 

1.5 9o.o lo.o 0.451 

2.0 92.5 7.5 

NriT 
N 
rpm 

12 

N = 144 

v/Ef = 15 

N = 225 

• =18 
N = 324 

22 

N .484- 

25 

N = 625 



230. 

22. MEASUREMENT OF THE EFFECT OF STIRRING ON RATE OF  

DISSOLUTION OF KC1 CRYSTALS WITH PERFECTLY GROWN FACES  

AND THOSE WITH FACES CONTAINING PARALLEL GROWTHS.  

22.1. 	The object was to determine the effect of 

stirring on rate of dissolution of KC1 crystals. Also 

the effect of surface structure of the crystal on this 

rate was investigated. 

Two types of crystals were used: 

a) Perfect crystals:- These crystals were grown at a 

OT =. 0.3°  - 0.11..oc; so that they were transparent and 

had smooth and perfect faces. 

b) Imperfect crystals:- These were grown at .6..T = 1.5°C. 

Consequently they were opaque having large number of 

parallel growths or projections on all the faces. 

The dissolution rate was measured at 4IT 

-1.0°C. 	The lowest value of LVD at which growth-rate 

was studied in section 20 was AT = 1.00C. 	So we thought 

that we could attain the limiting dissolution rate, if 

any, within a reasonable speed of rotation, at 4IT = -1°C. 

22.2. Experimental details:- 

A solution of K01, saturated at 35°C is 

prepared gravitimetrically. 

The solution is superheated at 45°C for li hours. 

It is then cooled down to 36°C and is main- 

tained at this temperature. 
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After half-an-hour of attaining this 

temperature of 36°C, the crystal attached at the end 

of a glass-spike by araldite is lowered into the solution, 

and is rotated at a more or less constant rpm, dissolving 

it for i hour. 

The net dissolution rate of the crystal is 

then measured, over the half-an-hour period and average 

stirring speed is found. The experiment is then repeated 

at the same 4IT = -1.0°C but at different speed of 

rotation. 

22.3. Results:- 	These are given in tables 28 and 29 

and plotted in graph 30. 

Table 28 shows dissolution rate for perfect 

crystals uhile table 29 shows that for imperfect crystals. 

22.4. Discussions:- 

Effect of surface irregularities on rate of dissolution.  

It is obvious from Graph 30 that for a constant 

rpm, the dissolution rate of imperfect crystals is always 

higher than that of perfect crystals. This is very 

likely due to the surface imperfections in the form of 

grain-boundaries among the different parallel growths. 

No limiting dissolution rate:- 

Unlike the limiting growth rate of KC1 crystals 

(section 21) which was attained at 750 rpm for AT = 1.0°C, 

its dissolution rate at AT = -1.0°C continued to increase 
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beyond 750 rpm. 	In fact, no tendency of labelling 

out of dissolution rate was seen even at 1110 rpm. 

Scatter in the results:- 

As might be expected, the scatter in the 

results is much greater in the case of imperfect 

crystals than perfect crystals. 
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TABLE No. 28.  

Dissolution rate of Perfect KC1 Crystals at AT . —1.0°C 

for different speeds of rotation of the seed. 

Run No. 	t.s.T 	rate of 

	

oC 	dissolution 
cm/sec x 106  

r..p.m. 
N 

30.0 	219 	14.8 

30.0 	275 	16.6 

36.4 	317 	17.8 

33.5 	376 	19.4 

36.5 	400 	20.0 

38.6 	450 	21.2 

40.0 	450 	21.2 

38.2 	502 	22.4 

43.3 	697 	26.4 

45.5 	756 	27.5 

48.0 	900 	30.0 

49.8 	1110 	33.3 

50.1 	1110 	33.3 

297 	-1.0°0 
298 
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TABLE No. 29  

Dissolution rate of Imperfect KOl Crystals at AT = -1.0°C 

for different speeds of rotation of the seeds. 

Run. No. 	LIT 	rate of 

	

oC 	dissolution 	r.p.m. 	N(5 

cm/sec x 106 

	

36.8 	174 	13.2 

	

40.0 	190 	13.8 

	

40.0 	216 	14.7 

	

50.0 	250 	15.8 

	

42.0 	300 	17.3 

	

50.0 	350 	18.7 

	

53.3 	400 	20.0 

	

60.0 	400 	20.0 

	

57.1 	450 	21.2 

	

80.0 	502 	22.4 

	

68.0 	543 	23.3 

	

73.5 	600 	24.5 

	

76.6 	600 	24.5 

	

87.9 	767 	27.7 

	

103.4 	900 	30.0 

	

100.5 	1000 	33.0 

	

98.8 	1110 	33.3 

310 	-1.000 
311 
	

tf 

312 
	

it 
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23. MEASUREMENTS OF GROdTH RATES OF Hai,MINE CRYSTALS 

AT DIFFERENT SUPERSATURATIONS.  

23.1. 	In view of the fact that, solubility vs temperature 

plot for aqueous haxamine solution is very flat within 

our operating range of temperatures (20°- 50°C), so 

even at a high degree of superheating, the rate of 

growth is very low. 	Consequentlyl diffusional resistance 

can be easily eliminated with reasonable stirring speed 

and growth rate measurements can be studied under the 

conditions when surface reaction is wholly controlling. 

Thus it was decided to study the growth-rate of hexamine 

crystals. 

23.2. si;xperimental_ details:- 

A solution of hexamine is prepared using 

the data supplied by White15. 	This involves stirring of 

172.44 gms of hexamine in 200 c.c. of water for 5 hours 

at 30°C, which is the saturation temperature for above 

composition. 	The solution is then kept at 30o0 for 17 

hours. 	It is then stirred for another 5 hours and kept 

for another 17 hours at 30°C (in a closed flask). 

Even after this long period of stirring, 

the solution remains cloudy even though all visible 

particles of solute are dissolved. 

The solution is then filtered off. 	The 

filtrate is much clearer. 	It is kept in a closed flask 
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for nearly 66 hours at nearly 15°C. 

The solution thus prepared is found to 

be free from nucleation even when superheated at 40°C 

for 5 hours. 

The solution is then cooled to 25°C. 

A seed crystal of hexamine fixed at the end of a glass- 

spike by araldite is immersed into the solution after 

washing it in distilled water and is rotated for 3 minutes. 

It was now found that the saturation 

temperature was 32°C - rather than 30°C. The solution 

was heated to this temperature and rotation of the crystal 

at 750 rpm was commenced and continued for 3 hours. 

Thereafter, the solution is heated to the 

desired degree of supersaturation and the crystal is 

grown by rotating it at this constant supersaturation 

at an rpm above 750. 

The growth measurements of the crystal 

are made after a period of -- - 3 hours depending upon 

the value of AT. 	The growth-rates along the long axis 

are measured. 

23.3. Results:- 

Results of the growth-rate measurements 

are given in table 30 and are plotted in graph 31. 

23.4. Variation of growth -_rate with speed of rotation  

of the seed at La = 8°C.  

Results of growth-rate vs speed of 
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rotation at LIT = 8°C are given in table 31 and growth-

rate is plotted against (speed of rotation, rpm)3  in 

graph 32. 

It is evident from graph 32 that at a 

rpm of 615, the growth-rate reaches its maximum value 

for 6.T .- 8°C. 

Since the limiting stirring speed will be 

lower for lower AT, so we conclude that all the results 

in 23.3. are above the limiting stirring speed. 

23.5. 	Correlation of growth-rate vs supersaturation.  

It is seen in graph 31, that below QC 

molos m. 11 x 10-3 g 	there is a sudden change in shape 
C.C. 	, 

of the curve towards a higher-order one. We find that 

this portion of the graph is better correlated by a 

semi-log plot (Graph 33) as follows:- 

r = (2.09 x 10-10) e°'39 C  

for AC < 11 x 10-3 gm. moles  

The portion of the curve above 

11 x 10 -3 gm.moles is found to have the following c.c. 

correlation, as shown in the log-log plot (Graph 34) 

r = (4.52 + 0.11) x 10-6  x ( c)1.26 + 0.02 

for ISC > 11 x 10-3 gm. moles  c.c. 

c.c. 
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23.6. Analogy with Frank's theory:- 

It is seen that the shape of the growth-

rate curve close to the saturation temperature some-

what resembles the curve predicted by Frank's theory 

for growth from vapor. 

23.7. Effect of crystal-size on its perfection:- 

It is seen that under the experimental 

conditions when hexamine crystals become larger than 

3.5 mm, they tend to grow imperfectly exhibiting 

large numbers of opaque spots, inclusions, etc. 

So all the measurements of growth-rate 

were limited to a crysi;a1 size of 3 mm or less. 
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TABLE No. 30.  

Growth-rate measurements of hexamine crystals. 

Run No. 	AT 	INC 	r 	r 

	

o C 	gm.moles  growth-rate growth-rate 
c.c. 	gm.molesx 109 
x 103 	

cm/sec x 106 
 cm sec . 

327 0.5 3.50 0.16 1.52 

328 1.2 8.40 0.55 5.24 

329 1.3 9.10 0.80 7.62 

330 1.4 9.80 1.05 10.00 

331 1.5 10.80 1.40 13.33 

332 1.7 12.41 1.85 17.62 

333 1.7 12.41 1.93 18.38 

334 2.0 14.80 2.24 21.33 

335 2.0 14.80 2.35 22.38 

336 2.4 17.76 3.10 29.52 

337 2.4 17.76 3.12 29.71 

338 2.7 19.98 3.60 34.28 

339 3.0 22.50 4.33 41.23 

340 3.0 22.50 3.80 36.19 

341 3.5 26.25 4.60 43.80 

342 3.5 26.25 4.67 44.47 

343 3.8 28.50 5.00 47.61 

344 4.0 30.00 5.52 52.57 

345 4.0 30.00 5.74 54.66 

346 4.4 33.00 6.16 58.66 

347 4.4 33.00 6.30 59.99 
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TABLE No. 30 (Continued) 

Growth-rate measurements of hexamine crystals. 

Run No. ZIT 
o C 

4.0 
gm.moles 

r 
growth rate 
cm/sec x 106 

r 
growth-rate 
gm.molesx  109 c.c.3 

x 10- cm 	sec 

348 5.0 37.50 7.20 68.56 

349 5.0 37.50 7.00 66.66 

350 5.5 41.25 8.33 79.32 

351 5.5 41.25 8.40 79.99 

352 6.0 45.00 9.40 89.51 

353 6.0 45.00 9.56 91.04 

354 6.50 48.75 10.79 102.75 

355 6.50 48.75 10.53 100.27 

356 7.0 52.50 11.10 105.70 

35 7 7.0 52.50 10.80 102.85 

358 8.0 60.00 13.72 130.65 

359 8.0 60.00 13.30 126.65 
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TABLE No. 31.  

Growth-rate measurements of hexamine crystals for 

different rpm at the same AT =- 8.000. 

Run No. AT 
rpm 
Nr 

growth-rate 
cm/sec x 106 

360 

361 

362 

363 

364 

365 

366 

367 

8.0 
II 

11 

II 

II 

11 

II 

11 

0 

163 

232 

295 

402 

470 

755 

955 

0 

12.77 

15.23 

17.18 

20.05 

21.68 

27.48 

30.90 

3.09 

8.34 

10.00 

10.00 

11.10 

12.80 

13.70 

13.70 

Limiting growth-rate = 13.70 cm/sec. 

Limiting rpm = (24.8)2  = 615 
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log-log plot of growth rate (r) 	vs. 
supersaturation ( AC) for hexa mine 
crystals. 

Ts  =32 °C 
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24. INITLJJ BREEDING EXPERIMENTS aITH SUCROSE CRYSTALS  

AND EFFECT OF SID TREATMENT ON INITIAL BREEDING.  

24.1. Powers16 has reported the following experiment 

carried out on sucrose crystals which appeared to show 

some breeding process. 

He inserted a sucrose crystal into a sucrose 

solution, just saturated. 	After several hours he 

cooled down the solution to the desired supersaturation 

and kept it with the crystal immersed for 24-48 hours. 

He assumed that any potential nuclei would grow in this 

period and would fall to tne bottom. 

Then the captive crystal was lowered further 

and was given controlled movement. He found that more 

nuclei fell off from the seed crystal and eventually 

became visible after nearly 10 hours, at the bottom of 

the column. 

He concluded that the shearing action of the 

solution led to the shredding of nuclei from the crystal 

surface. 

In the paper, it is not reported for how long 

this controlled movement was given, nor whether the rate 

of discarding of nuclei was changing over the period of 

movement. 

The graphs showed that the total number of 

crystals produced increased with increase of supersaturation 
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and increase of stirring velocity. 

The nature of the breeding process described 

was not clear, and seemed to merit further study. In 

particular, it was decided to carry out experiments 

with very thorough pre-treatment to eliminate all 

possibility of the initial breeding process. 

24.2. Experimental details:- 

A sucrose solution with a saturation 

temperature of 35°C is prepared. It is divided 

into two equal parts. One part is kept in a closed 

flask, while the other is used for experimental 

purposes. Both the flasks are kept in the same bath, 

so that they undergo the same temperature treatment, 

which was'as follows: 

a) Superheated at T100 for t1  hours. 

b) The solution is cooled down to T2°C where T2 > Ts. 

Then a seed crystal, thoroughly washed with distilled 

water is inserted into the solution and rotated for 

10 minutes. 

In some of the runs the superheat treatment 

of the seed is given at the same temperature T200 

(i.e. keeping the seed unstirred for t2  hours and 

stirred for t2 hours) while in others, the seed is 

kept at T200 unstirred for t2  hours and is cooled 

down to T
3
°C (where T

3 
 > Ts) and is kept at this 

temperature unstirred for t3  hours and stirred for t3 hrs. 
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TABLE No. 32 

= Saturation temp. = 35°C 

Run 
No. 

Super 
-heat 
of sole 

(a) 
T1

oC t1 
hrs 

Seed treatment 
. 	(b) 

Cool 
-ing 
time 

First 

ation 

AT1 0C 

-ersatur- 

treatment 

sup 

t5 
hrs 
un- 
stir 
-red 

cool 
-ing 
time 

t6 
hrs 
stir 
-red 

'Cool- 
ing 
time 

t7 
hrs 

Second super-
saturation 
treatment 

. 
T2

oC t2 
hrs 
un- 
stir 
red. 

t21  
hrs 
stir 
-red 

T3
oC t

3 
hrs 
un- 
stir 
-red 

t3
1 

hrs 
stir 
-red 

-t4 
hrs 

AT2 
°C 

t8 
hrs 
unstir 
-red. 

t9 
hrs  
stirred 

-Observation. 

368 

369 

370 

371 

372 

373 

374 

43°  

45°  
84 
38°  

46°  

47° 

44°  

45° 

45°  

17 

17 

24 

24 

30 

21 

17 

20 

43° 	2 

38° 	5 

37.5° 48 

40.5° 	5 

40.5°  40 

40.0°  40 

4ao° -40 

35° 	17 

— 	39.5°17 

- 	- 

- 	- 

1 

4 

2 

2 

2 

2 

2°  

2°  

4°  

3.5°  

5.0°  

5.0°  

17 

65 

25 

23 

21 

44 

40 

7 

.=11, 

4 

4 

4.5 

8.0 

10.0 • 

.1/•• 

5 

15°  

15°  

15°  

66 

65 

65 

66 

7 Nucleation occurs both in experimental 
and closed solutions. 

Nucleation in experimental solution 
but closed solution does not nucleate. 

No _nucleation in experimental solution 
nor in closed solution. 

A few nuclei appear in experimental,  
solution, but no nucleation in closed 
solution. 

No nucleation in experimental solution 
nor in closed solution. 

No nucleation in experimental solution 
nor in closed solution. 

No nucleation in experimental solution 
nor in closed solution. 



250. 

c) The solution is then cooled down to the desired 

supersaturation 
	IST°C over a period of t4  hours. 

d) It is kept at 4T1°C unstirred for t5  hours and 

stirred for t6 hours. 

e) Solution is then cooled down to a higher supersatur-

ation AT2°C over a period of t7 
hours. 

f) It is kept at iNT2°C unstirred for t8  hours and 

stirred for t9  hours. 

24.3. Discussions:- 

Degree and period of superheat treatment of sucrose  

solution:- 

In run 368, surerheating the sucrose solution 

at ANT = -8°C for 17 hours was not sufficient to 

eliminate all potential nuclei, so that the solution 

in the controlled run nucleated eventually. 	However, 

in the subsequent runs when these degrees and period 

of superheat were increased nucleation stopped. 	From 

the runs 373 and 374 it is obvious that superheating 

the solution at AT = -10°C for 20 hours is sufficient 

to destroy all potential nuclei. 

Degree and period of superheat treatment of seed crystal  

.immersed in sucrose solution. 

From runs 369 and 371, we find that short 

period of superheat treatment of the seed crystal was 

not sufficient to dissolve away the crystal dust on the 

surface so that eventually there was initial breeding 
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in the experimental run even though the controlled run 

did not have nucleation, because of adequate superheat 

treatment of the solution, as stated above. 

However in runs 372, 373 and 374 when the 

degree and period of superheat treatment of the seed 

was increased to AT = -5°C and 40 hours respectively, 

no breeding occurred in the experimental solution, 

even after long period of stirring at a supercooling 

of 4T = 49- 5°C. 

These results seem to show that a sucrose 

solution remains free from nucleation for long periods, 

when the seed is rotated in it at quite high supersat-

uration, provided adequate superheating is undertaken 

to free the solution from all potential nuclei initially, 

and then to dissolve away all the dust on the crystal 

surface,. 	From our evidence it seems very probable 

that the results obtained by Powen3were due to 

insufficient pre-treatment of the seed resulting in 

initial breeding. 
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CHAPTER IV  

THEORETICAL STUDY OF THE  

EFFECT OF SUPERSATURATION ON COLLISION 

BREEDING RATE.  

The collision breeding rate increases rapidly 

with increase of supersaturation. It is noted that 

the shape of the curves (Graphs 8b, 10b, lib, 23) of 

collision breeding rate vs supersaturation under different 

conditions of agitation and with different systems, are 

very similar. Based on this observation we have proposed 

a theory for evaluating the effect of supersaturation 

on the collision breeding rate, as described below. 

It is logical to assume that in the course 

of collision breeding large numbers of nuclei of wide 

size distribution are produced. 	Graph 1 suggests that 

this distribution is Gaussian. 

Secondly, we know that for each supersatur-

ation, all the nuclei smaller than the 'critical size' 

will dissolve away, while others bigger than the critical 

size will grow and become visible. 

Thirdly, size of critical nuclei at super-

saturation S is given by (considering the MgS047H20 

system only) 
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2 6 M  
d R T ln(S) 	(1)  

r = size of the critical nucleus of' MgSO4;1120,cm. 

M = Molecular weight of MgS01421120 = 246.3 

d = Density of Mg804:7H20 = 1.68 gms/c.c. 

R = gas constant = 8.31 x 107  ergs/°K, gm.mole 

T = average experimental temperature = 310°K 

6. surface free energy, -:f1500 ergs/cm2  

However values of surface free energy for 

solids are not widely known, though values of about 

1500 ergs/cm2 have been suggested for certain inorganic 

sulphates. 	Substituting these values, 

7.3 x 10-6 r - 

	

	 (2) log (8) 
The plot of r vs S is given in graph 35 

and in table 33. 

Theoretical calculations of collision breeding; rate for 

different supersaturations:- 

,ince the size distribution of nuclei is 

Gaussian so the probability of having a particle in the 

dx  size range x - 	to x + d2  is 

1 (x -A0 2  fdx 	 exp )L 	dx 	(3) 
NiTif 6 	26 J2  

Where /A= mean size of the particles 

6 = standard deviation of the particle size. 
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TABLE No. 33.  

VARIATION OF SIZE OF CRITICAL NUCLEUS OF MgS047H20 

WITH SUPERSATURATION.  

1  r 7.3 x  10-6 x  log S 

r, cm x 104 
	

S, supersaturation. 

43.00 1.004 

28.10 1.006 

20.85 1.008 

17.00 1.010 

14.05 1.012 

12.20 1.014 

10.60 1.016 

9.35 1.018 

8.50 1.020 

7.68 1.022 

6.35 1.026 

2.57 1.030 

19.50 1.00866 

11.10 1.01525 

7.44 1.02283 
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Now the probability of having particles with 

the size range x = xs to x-0-00 is 

P  = /

/, 00 

J2 	

/ w  
fdx = 	1 	exp. / 

(x  _ ia )2 	
dx 

I 	7 C / 
J 
xs 	

L 	26-2 	i 

xs 

(4) 

Where xs 
size of the critical nuclei corresponding 

to a supersaturation of S. 

Evidently P is the probability of having particles of 

sizes above the critical nuclei size at the supersat-

uration S. 

Standard plots of 'f' vs U(_ x 1(  ) is 

available as mentioned in graph 37. Value of P 

corresponds to the shaded area. From this standard 

plot 33, we make a plot of P vs Us  (table 34 and graph 

38) where, 

xs - At  Us - 6- 
Now let the total number of nuclei of all 

sizes (both > and 4 xs) produced = N 

Then total number of particles of sizes greater 

than xs i.e. number of nuclei not dissolving and becoming 

visible, . NP = n say. 

which is the theoretical collision breeding rate. 
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TABLE No. 34 

Normal distribution curve 

P . Total area under the curve between x-* pa 

Us - 
to x . xs xs  m 

6- 

 

xs -.size of the critical nuclei. 

(Table is obtained from 'Statistical methods in Research 

and Production' by Owen L. Davies.) 

Us P Us P 

3.5 .00023 0.4 .3446 

3.2 .00069 0.2 .4207 

3.0 .00135 0.0 .5000 

2.8 .00256 -0.2 .5793 
2.6 .00466 -0.4 .6554 

2.4 .00820 -0.6 .7257 

2.2 .01390 -0.8 .7881 

2.0 .02280 -1.0 .8413 

1.8 .03590 -1.2 .8849 

1.6 .05480 -1.4 .9191.  

1.4 .08080 -1.6 .9452 

1.2 .1151 -1.8 .9641 

1.0 .1587 -2.0 .9772 

0.8 .2119 -2.2 .9861 

0.6 .2743 
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Knowing N, and 6 we can plot n vs xs and 
hence 'n vs S' 

which will be the theoretical collision breeuing 

rate. 

Now since N, ,L and 6.  are constant for 

identical experimental conditions (such as stirring 

conditions, seed-movement, etc.) so plot of:- 

'n vs S' 

will have identical shape as the plot of P vs Us, 

namely point of inflexion, and points of maximum curvatures 

in former will correspond to the same points in the latter 

curves. 	From this similarit,y- we can find the values of 

N, L(. and 6.  and then determine the theoretical collision 
breeding-rate vs supersaturation curve. 

Theoretical predictions of collision breeding-rates in  

the experiments of section 3 (summarised in _graph 8b,8c)  

for treated seeds; according to the theory stated above:- 

Co-ordinates for points of inflexion in graph 8c, 

ns  = 6 

xs = .00115 cm. 

Co-ordinates of poihts of inflexion in curve 

of the graph 38 

Us = 0.00 

P = 0.50 

NOW n NP = N x 0.5 =6 

N = 12 
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S 	 1.4 	 000115 	_ 0  us - _ 
6- 	 (5- 

/A= 0.00115 cm. 

Again:- 

Co-ordinates of the upper point of maximum curvature 

are, in graph 8c 

n = 9.8 

xs = .00056 

Co-ordinates of the upper-point of maximum curvature 

in graph 38 are 

P = 0.90 

U = -1.3 

Tow n=9.8=NP=Nx0.90 

.% N 	11 
xs  - 	.00056 - .00115  U 	-1.3 - 	 

Cr 	
6 

. .00045 cm. 

So we have all the values necessary for predictions of 

theoretical collision breeding rates. 	These are, - 

N = 11.5 nuclei per second (average value) 

fix= .00115 cm. 

ier. .00045 cm. 

Now for a certain supersaturation 8, we can 

find xs from graph 35 and evaluate 

x 	(substituting the estimated 
Us -  s 6 	

values of A4 and 6 ) 

• • 	6 
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Knowing Us, we can find P from graph 38 

and thus find the theoretical collision breeding 

rate n (= NP). 

The theoretical points are tabulated in table 

35 and are plotted in graph 8b (for treated seeds). 

The predicted values lie close to the 

experimental ones. 	This close prediction supports 

our theory. 
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TABLE No. 35.  
Theoretical nucleation rate at different values of S. 

Us P 

xc  
calculated from 
U 	with values of 
ii,jand 6 as 

obtained. 

S 	. 	n, 
from Graph Nucleation 
No. 9 	rate 

nuclei/sec 
n = NP 

3.0 .00135 .00240 1.0070 .0155 

2.6 .00466 .00232 1.0072 .0536 

2.2 .01390 .00214 1.0078 .1600 

1.8 .03590 .00196 1.0085 .4130 

1.4 .08080 .00178 1.0095 .9300 

1.0 .1587 .00160 1.0107 1.8250 

0.8 .2119 .00151 1.0114 2.4300 

0.6 .2743 .00142 1.0122 3.1600 

0.2 .4207 .00124 1.0138 4.840 

0.0 .5000 .00115 1.0148 5.750 

-0.2 .5793 .00106 1.0160 6.660 

-0.6 .7257 .00088 1.0192 8.350 

-1.0 .8413 .00070 1.0242 9.680 

Comparison of theoretical experimental values  of collision 

breeding rate. 

S supersaturation 1.000 1.007 1.010 1.012 1.015 

n (theoretical) 0.000 0.0135 1.220 2.90 5.90 

n (experimental) 0.000 0.800 2.000 3.60 6.10 

S supersaturation 1.017 1.019 1.021 1.023 

n (theoretical) 7.4 8.2 8.80 9.2 

n (experimental) 7.2 8.0 8.65 8.9 
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CHAPTER V  

GENERAL DISCUSSIONS AND  CONCLUSIONS.  

1. COLLISION BREEDING  

1.a. For all the systems studied, collision breeding 

is found to be an important phenomenon in the production 

of new nuclei. 	Sliding of the seed across the crystalliser 

wall or its collisions with the wall are necessary for 

breeding at low values of QT. A treated seed does 

not breed if it moves in the solution only, without 

colliding with the walls. Another common observation is 

the surprisingly low supercooling at which collision 

breeding can occur. 	In all the cases studied it is 

found to occur at as low a ZIT as 0.5°C. 

1.b. Minimum seed size.  

Experiments in section 5 and the phenomenon 

of 'induction period' mentioned by Melia and Moffitt' 

tend to suggest that seeds must be larger than a minimum 

size for them to give rise to effective collisions. 	As 

stated in the 'Discussions of section 5' this minimum 

size depends on the vigour of agitation. 	The more 

vigorous is the agitation, the smaller is the minimum 

seed size, as is expected. 

1.c. Effect of surface structure of seed on collision  

breeding rate.  

It has been seen that those crystals like KC1 

and KBr, which have parallel growths on their surface, 
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have much higher collision breeding rates than the 

crystals of MgS047H20 and benzophenone with smooth 

surfaces, even at AT 0.5°C. 	Thus surface irregul-

arities and imperfections lead to a high collision 

breeding rate. 

1.d. Extremely small size of the nuclei produced by  

breeding and the time required for them to row to 

visible size.  

The size of the nuclei produced in course of 

a collision breeding run are found to be too small to be 

visible. 	These nuclei did not become visible simul- 

taneously. 	The number of nuclei, growing to the visible 

size, increased gradually with time as in Graph 1. 

However, the estimated period required by these 

invisible nuclei to become visible assuming the growth 

rate to be independent of crystal size is found to be 

far less than the period observed (table 36) and also 

it is obvious from the table that theoretically the 

initial size of nuclei does not alter this period by any 

significant amount, while experimentally we found that 

the time elapsed between the appearance of the first 

nucleus and the last nucleus is of the order of 50 minutes 

(graph 1). 

This suggests that the nuclei produced by 

collision breeding are nearly of the same size as the 
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TABLE No. 36.  

Growth-rate vs supersaturation correlation 

of ligS047H20 crystals from aqueous solution as given 

by Mason13  is 

di 0.84 (8 - 1)2.5 dt 

where 1 = size of the crystal, cm. 

t = time in seconds 

S = supersaturation of the solution. 

Now for constant S, 

1 - 1o = 0.84 (S - 1)2'5. at 

or 	L1t = 1 -10 (1) 
0.84 (S 	1)2'5  

Where At = time elapsed in seconds 

10 	Initial size of the crystal 

1 = Final size of the crystal 

= Visible size 	211 .01 cm. 

(a) For AT = 2°C, S = 1.0153 and 1 = .01 cm.  

we have the following_ values of A.t for different  

values of 10 (from eg. 1.) 

10 cm. .0001 .0005 .001 .005 

At seconds 407 390 370 206 

At minutes 6.78 6.50 6.17 3.43 



TABLE236: (Continued). 

(b) For AT = 3°C, S = 1.0228 and 1 = .01 cm.  

we have the following values of 41t for  

different values of 10 (from equation 1.) 

1o cm. .0001 .0005 .001 .005 

Llt seconds 150 144 137 76 

41t minutes 2.50 2.4 2.3 1.27 
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TABLE No. 37.  

The equilibrium supersaturation of nuclei 

of size r cm. of MgS047H20 is given by:- (Chapter IV) 

7.3 x 10-6 r - 

	

	 (2) log S 

(a) 	For AT = 2°C; S = 1.0153, from (2) size of 

critical nucleus rc 11.10 x 10-4 cm. 

The following table shows the time .At, 

required for nuclei of various initial sizes (of the 

same order as r) to grow to the visible size .01 cm. 

Initial size 
	r 1.2 rc 	1.5 re  

of nuclei 
	

11.1 x 	=13.32 x 	= 16.65 x 
10-4cm. 	10-4cm. 	10-4cm. 

Equilibrium 
supersaturation 

Sc 

AS. = (S Sc) 
initial 

ASS, = (S - 1) 
Final 

log mean A S 

At seconds 

At minutes 

1.0153 1.0127 1.0102 

0.0000 0.0026 0.0051 

0.0153 0.0153 0.0153 

.00773 .00964 

ou 2263 82 

oo 37.7 1.4 
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TABT,F. No. 37 (Continued) 

(b) 	For AT = 3°C, S = 1.0228 

from equation (2) 

Critical size nuclei = re 7.44 x 10-4  

ks above, the following table shows the time 

At, required for nuclei of various initial sizes to 

grow to the visible size = .01 cm. 

Initial size 
= 

re  
7.44 x 
10-4 cm. 

1.2 re  
= 8.93x 
10-4cm. 

1.5 re  
= 11.16 x 
10-4 cm. 

Equilibrium 
supersaturation 

Sc 
1.0228 1.0190 1.0152 

ASi  = (S - Sc) 

initial 
0 0.0038 0.0076 

ASF  = (S - 1) 
Final 

0.0228 0.0228 

log mean QS 0.0106 .01380 

At seconds 	co 	937 	473 

1St minutes 
	15.62 	7.89 
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critical nucleus, and thus the actual supersaturation 

available for their growth is much lower than the 

supersaturation of the solution and hence it takes a 

much longer time (as shown in table 37) for these nuclei 

to grow to the visible size. 

1.e. Flechanism of collision breeding:- 

Before proposing any mechanism we should study 

the various facts observed and conclusions made. 

(a) From the theory proposed in Chapter IV, 

and the facts studied in the section (1.d.) above, it 

is obvious that nuclei produced by collision breeding are 

very minute, being of the same dimensions as critical 

nuclei. 	In no case did we observe visible crystal 

fragments breaking off from the seed. 

(b) The collision breeding rate is found to 

depend significantly on supersaturation. 	The increase 

in rate with supersaturation is large enough to preclude 

the possibility of collision breeding by breakage of 

crystal resulting in the production of large fragments, 

for in that case, we should have obtained more or less 

the same breeding rate irrespective of supersaturation. 

(c) Very slow sliding of seed or gentle contact 

between crystal surface and glass surface, where crystal 

breakage is unlikely to occur, leads to breeding. 	The 

bred nuclei often stick to the glass surface as confirmed 
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by the appearance of nuclei on the glass-rod in section 6 

and the growth of needles from the point of contact in' 

the Schlieren apparatus in section 8. 

(d) Another observation is that crystals having 

surface imperfections in the form of inclusions, opaque 

spots (section 3,4,5,6) or parallel growths (in case of 

KBr and KC1) always give a much higher collision breeding 

rate than perfectly grown crystals. 

Any mechanism proposed should bein.consistent 

with these general observations. 

Now, when a crystal approaches a glass surface, 

the layer of solution betv.een the two becomes thinner and 

thinner. We believe that for conditions at which breeding 

occurs, this layer becomes thin to the molecular dimen- 

sions. 	Under such circumstances, molecules in the layer 

are not only affected by the attraction of the crystal 

surface, but also by that of the glass substratc. This 

we believe increases the probability of formation of two 

dimensional nuclei in this intermediate zone. 	This is 

because the solute molecule coming in contact with an 

active spot on the crystal surface has a•much better 

chance of holding to it owing to the simultaneous pull 

of the active spot and the glass surface, and very soon 

a larger number of solute molecules deposit around it. 
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As we have stated, such a nucleus is to a certain 

extent attracted by the glass substrate. Consequently, 

if we remove the crystal quickly, it is very likely 

that it will get detached from the crystal surface and 

remain attached to the glass substrate. Now if this 

nucleus is larger than the critical size then it soon 

grows and the force keeping it attached to the glass 

substrate vanishes and then it gets detached from the 

glass, and can be removed by agitation of the solution. 

However, the nuclei produced by this mechanism will be of 

the dimension of critical nuclei. Now,a crystal with 

surface imperfections have got much more active spots 

on the surface, than one with a perfectly grown faces. 

Thus the number of nuclei bred in case of imperfect 

crystal faces will be much more than in case of perfect 

crystal faces. 

s.lso, nuclei can form in this layer at 

supersaturations much lower than would be needed in the 

bulk of solution. 

Again, for breeding to occur the crystal should 

come close enough to the glass surface, so that the inter-

mediate solution layer is one or two molecules thick only. 

This means the seed crystal must have sufficient kinetic 

energy in case of stirred solutions and sufficient potential 

energy for unstirred solutions to reduce the solution layer 

thickness to such a low value. 	Thus the crystal must 
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have a minimum size so as to lead to collision breeding, 

which is experimentally verified. 

Thus we see that the proposed mechanism of 

collision breeding is in conformity with all the diverse 

observations made. 

An alternative explanation of the effect of 

supersaturation on the number of nuclei produced by 

collision breeding could however be as follows: 

We may suppose that crystal particles are produced by 

actual fragmentation of the crystal and that their number 

is independent of supersaturation. On the other hand, 

it must be assumed that the size of these particles is 

of the order of the critical size; hence the number of 

particles which survive and grow will depend on the super-

saturation. This explanation which is simpler than the 

one given above, however, does not explain why such 

extremely small particles only are produced by the frag-

mentation of the seed crystal. 
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2. NEEDLE BREEDING AND POLYCRYSTALLINE BREEDING.  

It was found that KC1 and KBr crystals, when 

properly treated to get rid of the surface crystal dust, 

could be grown into single crystals with perfect faces 

at AT < 0.3°C and with parallel growths at AT> 0.3°C. 

However, untreated seed crystals of KCl and KBr always 

grew into a polycrystalline aggregate. 

This, we feel, provides the answer for the problem 

mentioned by Mason and Strickland-Constable10, namely "It 

is difficult to visualise a mechanism by which a crystal 

causes the growth beside it of a second crystal having a 

differently oriented lattice." 

We believe that the randomly oriented crystallites 

on the crystal surface are responsible for the growth of 

the polycrystalline asgregate. 

However, what is interesting to note is that 

whereas in case of MgS0L1,71120 crystals, growth of the 

parent crystal lattice apparently seems to cover up the 

crystal dust, forming ultimately a smooth surface: this 

does not seem to occur for KC1 and KBr. 

The polycrystalline aggregates of KC1, breed very 

readily. 	On rotation of such an aggregate, crystal 

fragments break off even at saturation temperature. 	Since, 

as stated above, these aggregates are derived from surface 

crystal dust, so we can Took upon the so-called poly- 
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crystalline breeding of Mason and Strickland-Constablel°  

as an extended form of the initial breeding process. 

However, when a treated KC1 seed is grown into 

a single crystal with parallel growths, breeding does not 

occur even when the seed is rotated until the solution is 

supercooled to AT > 6°C. This is evidently due to the 

breaking away of the parallel growths (i.e. a part of the 

main crystal) and is analogous to the needle breeding of 

MgSVH20. 
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3. INITIAL BREEDING AND SEED TREATMENT.  

Initial breeding, as observed by us and previous 

workersi°, is a very general phenomenon, occurring both 

in melts and aqueous solutions with widely different 

systems. 

The fact that this can be eliminated by washing 

the seed in water or by treating it in under-saturated 

solution, confirms that initial breeding is due to the 

presence of crystallised dust on the crystal surface. 

However, the long period and the high degree of 

superheat-treatment needed, especially in the case of 

sucrose and hexamine is interesting to note. Perhaps 

the high viscosity of both the solutions is responsible 

for this. 	In this context, it is worth mentioning the 

observation made by Egli and Zerfoss2°  "The evidence 

supporting the existence of superheatability of nuclei 

appears overwhelming. The work of Taman and others 

with organic melts and with metals would seem sufficiently 

convincing, but the matter is still disputed. 	The fact 

that increasing the amount and time of superheating a 

system reduces the incidence of nucleation during subsequent 

supercooling is apparently accepted, but the opponents 

of the concept of superheated nuclei offer an alternative 

explanation - that it is insoluble impurities and not 

nuclei of the principle solid phase which the superheat 

destroys." 
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It is doubtful whether the insoluble impurities 

will act as nucleating agents at such low supersaturation, 

as studied by us. 	Thus our observations seem to justify 

the theory of superheatability of nuclei. 
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4. IMPACT FORCE OF MOLECULES ON THE GROWING CRYSTAL FACE 

IN AQUEOUS SOLUTION.  

In section 8 we have seen that the impact of 

molecules can be measured even in the case of solutions, 

Provided adequate care is taken to eliminate the hindering 

factors like external vibrations, gross convection currents 

due to thermal or concentration gradients in the solution 

and turbulence at the solid-liquid interface. 

We feel that this experiment should be studied 

more extensively, with slight modification in the experi-

mental set up so as to measure the growth-rate and im-?act 

force of molecules simultaneously. 



280. 

5. DIFFUSIONAL RESISTANCE ON GROWTH OF K01 CRYSTALS.  

In section 21, we have seen that it was possible 

to eliminate the diffusional resistance for growth of KCL 

crystals from aqueous solution by adequate stirring. The 

wholly surface-reaction controlled growth-rate of crystal 

is found to be given by 

r = 183.02 (10)1.87 

where r = gm.moles/cm2, growth rate. 

LaC 	gm.moles/c.c., supersaturation. 

The exponent 1.87 is comparable with the values 

1.8 - 2.0 reported by previous workers for NaCl. As 

is expected the surface reaction rate for all the halides 

should be more or less of same order. 

In the section 21, we also evaluated the mass 

transfer coefficient hd cm/sec. for the diffusion controlled 

runs. 	'hd' is found to be independent of mass flux or 

concentration gradient but depends on the speed of rotation 

(i.e. rpm 'N') of the seed crystal, as stated below: 

ha  =0.033 + (4.36 x 10-4) (N)1.50 

From this equation we find that 'hd' is proport-

ional to N1'5  which is in contradiction with conventional 

results,realising that all the seeds are of nearly the same 
size. 

However, values of hd  etermined by us are 

comparable to those found by Turner and Strickland-Constable 



281. 

for CaSO4  system. 	They found ha= .03 - .08 cm/sec. 

The diameter of the seed crystal was about 1 - 2 mm. 

as in our case. 

In Appendix II, we have evaluated the hd 
21 values for Na2 S2'7- 0_5H20 systems studied by Butler and 

for hexamine-system studied by us. 
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6. GROWTH RATE STUDY OF HEXAMINE CRYSTALS.  

The interesting point in the growth-rate study 

of hexamine crystals is the most unusual form of the 

growth-rate curve near the saturation temperature. 

The form of the curve, in fact, somewhat resembles 

the curve predicted by the theory of Burton, Cabrera and 

Frank17 for growth from the vapour. According to this 

theory, for low supersaturation, rate of growth becomes 

parabolic in 6- and at high supersaturation rate of growth 

becomes linear in 6 , where 

and 

67= 0( - 1 

n( conc. of the solute in the solution 
- Equilibrium conc, of the solute at 

this temperature. 

The change over from parabolic to linear occurs 

at a supersaturation 60  which is defined as the critical 
supersaturation. 	This critical supersaturation can be 

found out only after determining such controversial para-

meters as y l  edge energy per molecules; distance between 
kinks in a step; S , thickness of unstirred layer on the 

crystal surface; etc. 

Frank et al state that in case of crystallisation 

from vapor "for reasonable y and S the critical super- 

saturation 6 	10-3". 

The KC1 crystals were grown up to AT = 20C 

which corresponds to 	6 = 16 x 10-3  and the growth-rate 
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was found to be proportional to ( AG)1•87. 

However, it is interesting to note that the 

supersaturation at which the growth-rate curve changes 

from a higher-order to a lower-order one is given . 
for hexamine crystals as:- 

©O = 11 x 10-3  gm.moles/c.c. 

6. 1.2 x 10-3  
The data for hexamine was obtained with very 

great care; on the other hand the resulting shape of 

the growth curve is quite unlike any other results 

reported from solution - or from the gas phase for that 

matter. Although the resemblance of the curve to the 

Frank vapor phase curve is certainly remarkable, it is 

probably unwise to press the comparison too far until 

equally accurate results have been obtained with other 

substances. 
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APPENDIX - I  
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Appendix  

(to section 9) 

Torsional constant of the wire:- 

A glass-rod of circular cross-section and with 

plane ends normal to the axis was prepared. 

The dimensions measured under the microscope were: 

Length 	= 5.8965 cm. 	= 1 
(average of 4 readings) 

Ubight 
	

2.9703 gms. = N 

Diameter 
	

0.5388 cm. 	. d 
(average of 5 readings) 

Radius 	0.2694 cm. 	= r 

The moment of inertia of the rod around the 

axis passing through its center of gravity perpendicular 

to the long axis (i.e. around the torsional axis) is, 

i r2 + 1 
 2 1 

2.970 	(0.2694)2 4 
4.  (5.8965)2  

3 1 

8.660 gm.cm2. 

This rod is suspended at the center by the 

torsion wire of length 50 cm. The point of suspension 

is accurately determined by trial and error, so that the 

rod remains horizontal on suspension. 

The rod is twisted by nearly 180° about its 

vertical axis of suspension and is let go. 	The rod 
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executes simple harmonic motion about its vertical 

axis of suspension. 

The time period of a complete oscillation is 

determined by measuring the total time-periods of two or 

three consecutive complete oscillations and taking the 

average. Ten such readings are taken and averaged. 

Average period of oscillation . 54 sec. 

Now we have: 

T = Period of oscillation = 54 sec. 

I = Moment of inertia 	= 8.66 gm.cm2 

= Torsional constant dynes.cm/rad. 

Substituting these values in the above equation 

er= 0.117 dynes.cm/rad.  

Length of wire = 50 cm. 

= 50 x .117 

5.85 dynes cm/rad/cm. 
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Appendix 

(to section 12)  

Calculation of nucleation rate of benzophenone.  

Let n = nucleation rate (number/sec.) for a particular 

value of supercooling Nr. 

r = rate of growth of the crystal at this 

supercooling LT. 

Consider the time interval t to t + dt. 

Number of nuclei produced in this interval dt = ndt. 

Size of these crystals produced at the time interval t to 

t + dt, at the end of the experiment i.e. after time 't.' 

since the experiment is started 

= re  + r(t. 	t) 

Where C = size of the critical nuclei at the 

supercooling AT. 

We assume that the surface area of a crystal of size a 

= ba2 

Where b = constant. 

Hence surface area of the crystals produced at the time 

interval t to t + dt at the end of the run 

=-dA = tit re  + r (ti-t) 2 ndt 	(1) 

Hence total surface area of all the crystals produced 

during the period t = 0 to t = ti  at the constant ,AT 

(and hence constant n, r and rc) 



288. 

( ti 
A b Lre  + r(ti  - t) 

J o 
 2 ndt 	(2) 

t. 
nb 	I 	r r + r 	- t) 2  at 

L 	(ti 
0 

Put re + r(ti  - t) 	= 

- rdt = dZ 

or dt = 	dZ 

When t = 0, 

t. tl  

Z 	rc + r . ti 
Z = re 

A = nb 
f rc 

rc + r . ti 

ti ( rc  + r . 

rc 

Z2  

 

) az 

nb 
r 

 

Z2 dZ 

 

nb 
3r (rc 	rti)3  - re3  1 

J 

A = 	nb (re3  + 3rc  2rt. + 3rc  r2J + r30- rc  3  ) 3r  

= nb ( + r rt.2 + r
2t. 3 

C l  3 

= nb ti r (rcc   rti) (rti)2  1 
3 
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Now according to our experimental conditions A 

is constant, so we put 

A = K, a constant 
b 

Hence 
A 	1  n - 
b ti  Lrc (rc + rti) 	(rti)2 7  

3. 
or 	n = 

K  

ti ( re Cre rti)  
K 

(rti)2 1 — cb(L,T) 
3 

(3) 

We can calculate out the values of re and obtain the 

experimental values of r and ti  for each AT and  

then we can find how 017)varies with L1 T. 

rc is given by the equation, 

2 e M  r dRT ln.o( (4) 

Where 1,;31 	Tm = melting point, °K  

re = size of th-c, critica nuclz,usl.cm. 

M 	= Molecular weight of benzophenone = 182.2 

d 	= Density of benzophenone crystal = 1.08F.jsms./eo. 

R 	= gas constant = 8.31 x 107  ergs/°K, gm-mole. 

T 	= average experimental temperature = 318°K 

tie assume 6. 	500 ergs/cm2  

The values of re for different degrees of supercooling 

tal  as calculated from the equation (4) are tabulated 

in the table no.38 and plotted in the graph no. 39. 
Stirred-Growth-Rate of benzophenone as supplied by 
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KirtisinghAs given by the equation, 

r = 2.18 x 10-4 x ( AT)1'57 
	

( 5) 
These values are given in the table No. 39 and plotted 

in Graph No. 40. 

The values of ti  as obtained in our experiments 

are given in the table No. 12 in section 12 (Chapter III). 

Hence the value of the function 

V*T)=  t.1  Tre  (rc 	1 + rt.) + 	
i (rt)2  

3 

is calculated and are given in table 40. 

T vs 	
1aT) 	

is plotted in 

the graph No. 23 (Section 12, Chapter III). 
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TABLE No. 38.  

Size of critical nuclei of benzophenone for different 

supercooling. 

re - d RT hZ oC 

27.6 x 10-7  
- log 0( 

(Substituting the values 
of M, d, R, T and 
assuming 6. 500 ergs/cm2) 

Tm 	= 47.8 + 273 = 320.8°K 

_ 32,0.. 8 	where T = expgrimental temperature. 

too  T°C Tm 

in 	K. 

c re, 	 m.  

47.8 

47.3 

0.0 

0.5 

1 

1.001 

00 

5.75 x 10-4 

46.8 1.0 1.003 3.07 x 10-4 

46.3 1.5 1.005 2.01 x 10-4 

45.8 2.0 1.006 1.51 x 10-4 

45.3 2.5 1.008 1.16 x 10-4 

44-.8 3.0 1.009 0.97 x 10-4 

44.3 3.5 1.011 0.83 x10-4 

43.8 4.0 1.013 0.73 x 10-4 

43.3 4.5 1.014 0.66 x 10-4 

42.8 5.0 1.016 0.58 x 10-4 

2 6.  ii 
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TABLP, No. 39.  

Growth-rate data on benzophenone using the growth-rate 

correlation supplied by Kirtisinghe for stirred melt. 

r = 2.18 x 10-4  x ( AT)157  cm/sec. 

ZS Tilog(A91.)1.57log (iNT)1-57  
cc 	1 

! 1 r cm/sec. 
x10 .4  

0.5 -.3010 -.4720 0.338 .737 

1.0 0 0 1 2.180 

1.5 .1761 .2765 1.890 4.120 

2.0 .3010 .4720 2.965 6.460 

2.5 .3979 .6240 4.205 9.150 

3.0 .4771 .7480 5.600 12.200 

3.5 .5441 .8530 7.130 15.530 

4.0 .6021 .9450 8.810 19.200 

4.5 .6532 1.0260 10.605 23.150 

5.0 .6990 1.0990 12.560 27.400 

41T°0 r x 104, cm. 

0 	 0 

0.5 	 0.737 

1.0 	 2.180 

1.5 	 4.120 

2.0 	 6.460 

2.5 	 9.150 
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TABLE No. 39. (Continued) 

• 

.n,T°C r x 104, cm. 

3.0 12.200 

3.5 15.530 

4.0 19.200 

4.5 23.150 

5.0 27.400 



3'0°  
0 

5'0° 

12 

4 1M• 

2'09  • 0'O' 

- 	1'5 r = 2'18 x104  x( A T) 7  cm. per second  
24 

x 

20 
a) o. 

16 

L. • 

28 

NM& 

MO,  

GRAPH 14°- 40 • 

STIRRED GROWTH RATE OF BENZOPHENONE CRYSTALS AT 
DIFFERENT 	SUPERCOOL1NGS ( Ref. KIRTISINGHE12 ) 
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TABLE No. 40.  

Values of 0(AT)  for different values of AT. 

AT°C 	rc 	r. 	
. . 	

1 
x 104 	

ti 	(re  + rti) re(re  + rti) 	rtesol  

	

(rti)2 	
re(re  ÷ rti) .+ (rti)2 	

003,T) 
x 104 	sec 	 cm 	 3 	9607.) 

cm/sec 	 3 4  cm. 	
x 104  ' 	i-c 124  
cm. 	cm x 10 	x 104 

0  

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

3.5 

4.0 

4.5 

5.0 

00 

5.75 

3.07 

2.01 

1.51 

1.16 

0.97 

0.8.3 

0.73 

0.66 

0.58 

0 
 

0.737 

2.180 

4.120 

6.450 

9.150 

12.200 

15.530 

19.200 

23.150 

27.400 

00 

1840 

1129 

720 

522 

312 

126. 

120 

102 

78 

721972.58 

 00 

1360.75 

2463.07 

2962.01 

3371.51 

2861.16 

1540.97 

1865.83 

1960.73 

1805.66 

00 

0.7840 

0.W570 

. 0.5960 

0.5090 

6.3320 

0.1495 

0.1550 

0.1431 

0.1190 

0.1145 

1355 

2460 

3370 

2860 

1540 

1865 

1960 

1805 

1972 

- 
61.1 

202.0 

292.0 

379.0 

273.0 

79.5 

116.0 

108.5 

130.0 

2960 21.05 

128.0 128.14 

00 

61.88 

202.76 

292.60 

379.51 

273.33 

79.65-  

116.16 

108.62 

130.11 

00 

11.39 

23.05 

19.80 

8.52 

1.01 

1.39 

1.31 

0.85 

0.94 

0 

0.088 

0.043 

0.047 

0.051 

0.117 

0.990 

0.720 

0.760 

1.18 

1.06 
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APPENDIX - II 
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ANALYSIS OF THE GROWTH RATE DATA OF BUTLER21  .  

Butler21 measured the growth-rates of 

Na2S203p120 for different speeds of rotation of the 

seed at constant supersaturation. He repeated the 

experiments for three different supersaturations, as 

shown in graph41 for Ts  = 40°C. 

It is obvious from his results that with 

increased stirring speed, diffusional resistance was 

eliminated and maximum growth-rate was reached. These 

results are supplied in table 41 and from log-log plot 

in graph 42, the required correlation is found to be: 

rm  = (5.21 x 10-3) ( 60)1•21 	(1)  

Where rm  = maximum growth-rate on elimination of 

diffusional resistance in 

gm. moles of Na2S203,5H20 

cm2 sec. 

AC . Supersaturation in gm.moles of Na2S203 1120 

c.c. 

For the case, where diffusional resistance is 

not completely eliminated we have: 

.( acs)1.21 h 6.0  
r 	(5.21 x 10-3) d d (2)  

Where s = Concentration difference at the surface in 

gm.moles of Na S-0 15H 0 2 3 2  
c.c. 
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Z1Cd  = Concentration difference across the diffusional 

resistance in gm.moles of Na2S203
1120 

c.c. 

hd  = mass transfer coefficient, cm/sec. 

Using equation (2) and the growth-rate data, we have 

calculated ACs'd and hd for RPM . 20, 15, 10 and 

5. 	These calculations are given in table 42. 

The average values of hd  for each RPM are found. 

From plot of (hd) avg vs N;  RPM we find that at N = 0, 

hd =_0.00o5 cm/sec. (Graph 43). 

From plot in graph 44, we have the correlation 

hd  .(10005 + (6.31 x 10-6) (N) 2.55 

It should be noted that hd is not proportional 

to (N)0'5, as suggested by others. 



2 3 4 5 

AC= 10 gms. of Na2S203  per 
1000 gms. of water. 

AC= 5 gms. of Na2S203  per 
1000 gms. of water. 
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GROWTH RATE OF Na2S203  , 5H20 CRYSTALS FOR 
DIFFERENT STIRRING SPEEDS AT CONSTANT SUPER-
SATURATIONS (Ref. BUTLER21 ). 

T5  =40 °C 

AC=15 gms. of . Na25203 per 
1000 gms. of water. 

VI Stirring speed ,RPM ) 

11 

10 

9 

7 

GRAPH N 4 - 41 



log rm  
N 	RPM 
limiting 
stirring 
speed 

-7.724 21.62 

-7.369 24.30 

-7.145 26.11 

rm . 
gm-moles of 
Na2S20315H20 

cm2 sec. 

1.89 x 10-8  

4.28 x 10-8 

7.17 x 1078 , 

47 

4.65 

4.93 

5.11 

3 10, 1 	I 
TABLE No. 41.. - 

Experimental results obtained by Butler17  on Limitink 

Growth-rates of Na2S203 1320 crystals 

of diffusional resistance.  

_AG!' 
gms of Na2S203  

AC' 
gms of. 
Na2S2055H20 

Zic 
gm-moles of 
Na2S20320  log .0 

. -4.500 

-4.199 

-4.023 

rM 
cm/sec 

2.78 x 10-6  

6.31 x 10-8  

• . 

10.56 x 10-6  

rm 
gms of 
Na S 0 	0 2 2.3 	2 1000 gms of 

water 

.5.0 

10.0 

15.0 

per c.c. 

7.85 x 10-3  

15.70 x 10-3  

23.55 x 10-3  

per c.c. 	- 

5.16 x 10-5 - 

6.33 x 10-5  

9.49 x 10-5  

cm2 sec 

4.68 x 10-6 

10.63 x 10-6  

17.79 x 1076  

on elimination 

• 
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log-log PLOT OF SUPERSATURATION ( 4C) VS. 
L IM IT TING GROWTH RATE ( rm) OF Na2S203,5H20 

CRYSTALS • • 
-7'9 

.-713 

6 -77 

N o. 
E  7'6 

L -7'5 
a. 

6  -7'4 

r.r) 

-7•3 

rn 
0 

-7'2 

-71 

Ts = 40 °C 

-7'0 
-3'8 -3'9 -4'0 -41 	-42 -43 -44 • -4"5 

log ( AC , gm-moles per c.c.) 

GRAPH N? - 42 



4.21 x 10-6 	1.70 x 10-8 .0073 0.23 x 10-5  7.3 

1.11 x 10-5  17.5 

0.77 x 10-5  8.1 

Average hd  
for RPM = 15. 

	

'3.47 x 10-8 	.0031 

	

6'.56 x 10-8 	.0086 

92.7 

82.5 

91.9 

2.93 x 10-5  

5.22 x 10-5  

8.72 x 10-5  

-2.201 .0063 

2.50 x 
10-6 

5.11 x 
10-6 

:9.67 x 
10-6 

	

5 	7.85 x 10-3  3.16 x 10-5  

	

10 	15.70 x 10-3  6.33 x 10-5  

	

15 	23.55 x 10-3  9.49 x 10-5  

15 

15 	1.176 

15 
2.22 x 
10-6 

4.22 x 
10-6 , 
8.33 x 
10-6 

Average hd  
for RPM = 10. 

8.61 x 10- 6 

16.29 x l0-6  

3.74 x 10-6  

7.11 x 10-6  

14.04 x 10-6 

.0026 -2.585 

84.2 	0.50 x 10-5  15.8 

70.6 	1.86 x 10-5  29.4 

81.6 	' 1.75 x 10-5  18.4 

2.66 x 105  

4.47 x 10-5  

7.74 x 10-5  

1.51 x 10-8 .0030 

2.86 x 10-8 .0015 

5.66 x 10-8 	.0032 

	

5 	7.85 x 10-3  3.16 x 10-5  

	

10 	15.70 x 10-3  6.33 x 10-5  

	

15 	23.55 x 10-3  9.49 x 10-5  

10 

10 	1.000 

10' 

2.95 x 10-6  2.20 x 105  69.6 
Average hd  
for RPM = 5. 3.36 x 10-5  

5.99 x 10-5  

0.96 x 10-5  

2.97 x 10-5  

3.50 x 10-5  

.0010 

30.4 

46.9 

36.9 

-3.000 

1.19 x 10-8 .0012 

2.01 x 10-8 .0007 5.00 x 10-6 53.1 

63.1 10.21 x 10-6 	4.11 x 10-8 ' .0012 

5 

5 	0.699 

5 

1.75 x 
10-6  
2.97 x 
10-6 

6.06 x 
10-6 

	

5 	7.85 x 10-3  3.16 x 10-5  

	

10 	15.70 x 10-3  6.33 x 10-5  

	

15 	23.55 x 10-3  9.49 x 10-5  

  

TABLE No. 42.  
303 

Experimental results obtained by Butbr17  on growth-rates; 

of Na2S20320 
 crystals for stirring speeds below the 

 

limiting values.  

   

     

Stirring Log N 
speed 
N RPM 

AC" 
gms of 
Na2S20 
00 gms , 
of water 

AC' 
gms of 
Na2S2035H2O 

 

AC 
gm-moles of 
Na2S2035H2O ' 

A CS_ 
gm-moles of 
Na2S20520 

.1.00 x 
ACS  

'70 
-AC 

ACd 
gm-moles of 
Na2S2030120 
per c.c. 

100 x 
Ca  

AC l0  
r11. 
cm/sec 

r' 
gms of 
Na2  S2 03r  5H2  0 

 

r 
gm-moles of 
Na2  S2  0-.AH2  0 

cm2  c.ec. 

hd 
cm/sec 

Average 
hd 

Log (hd) 
avg. 

    

cm2 sec. 

    

 

per c.c. 

       

            

 

per c.c. 

 

per c.c. 

        

                

96.8 

89.9 

95.9 

20 	.• 

20 	1.301 

20 

	

5 	7.85 x 10-3  3.16 x 10-5  

	

10 	15.70 x 103  6.33 x 

	

15 	23.55 x 10-3  9.49 x 10-5  

3.06 x 10-5  

5.69 x 10-5  

9.10 x 10-5  

0.10 x 10-5  

0.64 x 10-5  

0.39 x 10-5  

2.64 x 
10-6 

5.59 x 
10-6 

10.19 x 
10-6  

4.45 x 10-6  

9.59 x 10-6  : 

17.17 x 10-6  

1.79 x 10-8 
	.0178 

3.86 x 10-8 	.0061 

6.92 x 10-8 
	

.0179  

Average hd  

for RPM = 20. .0173 	-1.762 
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TABLE No. 43.  

From Graph No.43 we get, 

at RPM = 0, hd  =,6".0005 cm/sec. 

Hence hd and RPM, N are correlated by the equation, 

hd .0'0005 K (N)n  

log (hd -0.0005) = log K n log N 

Bo we plot, log (lad  -0.0005) vs log N. 

RPM log N hd 
cm/sec. 

hd  -0.0005 
cm/sec. 

log 
(hd  -0.0005) 

20 1.301 0.0173 0.0168 -1.775 

15 1.176 0.0063 0.0058 —2.237 

10 1.000 0.0026 0.0021 -2.678 

5 0.699 0.0010 0.0005 —3.301 

We find from the plot that required correlation 

is: 

hd  =0.0005 + (6.31 x 10-6) (N)2•55 
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CORRELATION BETWEEN MA SS TRANSFER COEFFICIENT 
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73,3 

—3•1 

—2.9 
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-1'7 
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MASS TRANSFER COEFFICIENTS IN HEXAMINE SOLUTIONS.  

In sub-section 23.5, we have shown that growth-

rate correlation of hexamine crystals from aqueous 

solution is given by 

r = (4.52 x 10-6) ( AC)1.26 
	

(1) 
Where r growth rate in gm. moles /cm2 sec. 

403 ., Supersaturation in gm. moles/c.c. 

Also we have seen that this correlation was 

derived for growth conditions where surface reaction was 

wholly controlling or in other words diffusional resistance 

was eliminated. 

For growth conditions where diffusional 

resistance is existing we have: 

	

r = (4.52 x 10-6) ( tiCs) 1.26 hd Cd 	(2) 

and AC +
d .6C 
	

(3) 

GCs,d and hd are as defined earlier. 

From growth-rate data as given in Graph 32, we 

determine ACs' 	4.VCd and hd using equations (2) and (3) 

for different stirring speeds less than the limiting 

speed. 	The results of the calculation are given in 

table 44. 

Values of hd vs N, RPM (stirring speeds) are 

plotted in Graph 45. Prom this graph, we find that for: 

N = 0, hd  = 0.7 x 10-6 cm/sec. 
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Thus hd is correlated to N by the equation, 

hd = 0.7 x 10
-6 + K (N)n 

From log-log plot of (hd  - 0.7 x 10-6) vs N we find 

the plot is not a linear one. (Graph 45). 

Hence assuming the correlation as 

hd = K eCN where C is a constant. 

we have, 

In hd  = lnK + ON 

or 2.303 log hd  = 2.303 log K + CN 

or 	log hd  = log K + 2.303 N  

So we plot log hci.  vs N in Graph No. 47, we 

find that required correlation is 

hd 	(0.7 x l0-6) e0.0087 N 
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TABLE No. 44.  

.Lnalysis of results on growth-rate of reexamine crystals  

from aqueous solution for different stirring speed at  

the constant supersaturation of AT = 8°C.  

             

             

             

             

             

 

Stirring 
Speed 
RPM, N. 

Log N AT°C gmTmoles  
AC 

C.C. 

 

r' 
growth rate 
cm/sec. 

 

r 
growth rate 
gm-moles  

cm2 sec. 

ACS  
gm-moles  

cm2sec. 

C
d 

gm-moles  

cm2  sec. 

hd. 
cm/sec. 

             

             

             

             

163  2.212 
80 

60 x 10-3  8.34 x 10-6 79.42 x 10-9  40.46 x10-3  19.54 x 10-3  67.43 32.57 4.06 x 10-6 

232 2.365 80  60 x 10-3  10.00 x 10-6 95.23 x 10-9  46.72 x 10-3  13.28 x 10-3  77.87 22.13 7.17 x 10-6  

295 2.470 8°  60 x 10-3  10.00 x 10-6 95.23 x 10-9  46.72 x 10-3  13.28 x 1073  77.87 22.13 7.17 x 10-6  

402 2.604 8°  '60 x 10-3  11.10 x 10-6 105.70 x 10-9  50.57 x 10-3  9.43 x 10-3  84.28 15.72 11.21 x 10-6  

470 	- 2.672 8°  60 x 10-3  12.80 x 10-6 121.89 x 10-9  56.83 x 10-3  3.17 x 10-3  94.72 5.28 38.45 x 10-6  

576. 2.760 60 x 10-3  13.35 x 10-6 127.1 x 10-9  58.75 x 10-3  1.25 x 10-3  97.92 2.08 101.68 x 10-6 

81. 1.908 60 x 10-3  6.9 	x 10-6 65.71 x 10-9  34.81 x 10-3  25.19 x 103 58.02 41.98 2.61 x 10-6 

0 SIM 8°  60 x 10-3  3.09 x 10-6 29.42 x 10-9  18.50 x10-3  41.50 x 10-3  30.83 69.17 0.71 x 10-6 
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TABLE No. 45.  

hd 
and N are correlated by the equation 

ha  0.7 x 10-6  + K (N)n  

or (hd  - 0.7 x 10-6) = K (N)n  

or log (ha  - 0.7 x 16-'6) = log K + n log N 

• 
N 	I 	log N log ha l 	
RPM! 

hd 
cm/sep 
x 10 

ha  g(ha  - 9.7x 10-6) 0.7x166 toff 
cm/sec. 

-6.155 0 •••• 0.70 	0 

-5.583 81 1.908 2.61 	1.91 x 10-6 	-5.719 

-5.392 163 2.212 4.06 	3.36 x 10-6 	-5.474 

-5.145 232 2.365 7.17 	6.47 x 10-6 	-5.189 

-5.145 295 2.470 7.17 	6.47 x 10-6 	-5.189 

-4.950 402 2.604 11.21 	10.51 x 10-6 	-4.978 

-4.415 470 2.672 38.45 	37.73 x 10-6 	-4.423 

-3.993 576 2.760 101.68 100.98 x 10-6 	-3.996 

The plot of log (hd  - 0.7 x 10-6) vs log N 

is not found to be linear. 
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SOLUBILITY DATA OF MgSO4  ,7H20 IN WATER. 

1. Source of Data:- "Solubility of Inorganic and crganic 

compounds"(Editor:Siedell, Linke, 3rd Ed. (1951)). 

Of the large number of determinations which have 

been made, those of de Koppel (1872); Cottreil et al 

(1901); Kupper, (1927); Schroder (1929); Ting and 

McCabe (1934); Robson (1927); Foenlich (1929); Smiths 

et al (1928) were plotted and following values were read 

from the average curve. 

Temp. °C. 

Solubility, gms. of 
MgSO4  per 100 gms. 
of sat. soln. 

Solubility in gms. 
of MgS0471120 per 
100 gms. of water. 

Temp. 00 

0 10 20 25 

18.0 22.0 "25.2 26.7 

58.37 81.97 106.61 120.61 

30 35 40 45 

Solubility, gms. of 
F,gSO4  per 100 gms. of 
sat. coin. 

Solubility in gms. of 
EgS040-120 per 100 gms. 
of water. 

28.0 29.3 30.8 32.3 

134.37 149.97 170.75 195.31 

Triple point = 48°C. 

Above solubility data was taken for our experiments. 
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SOLUBILITY OF HEXAMINE IN WATER.  

Because of the very low temperature coefficient 

of solubility of hexaminc, there was appreciable dis-

agreement in results determined by earlier workers, such 

as: 

a) Delepine, M., Bull. Soc. Chim. France (3) 

13, 353 (1895); 

b) Perry, J.H., "Chemical Eng. Handbook", 3rd Ed. 

c) J.F., "Formaldehyde", 2nd ed., Ch. 19, 

A.C.S. Monograph No. 120, 

Reinhold, New York (1954). 

d) Evrard, V., Tijdschr. 11, 99 (1929) (C.A. 23: 4875). 

White19 determined the solubility of hexamine in 

water by six different methods, nanely:Schlieren method, 

Light slit method, Refractometer method, by determination 

of density, by direct chemical analysis, melting point data. 

And the average solubility data determined by him was 

taken for our experiments. These data are given below: 

Temp. °C. 0 10 20 30 40 

Solubility 
fraction of hexamine. 0.472 0.469 0.466 0.463 0.461 

Solubility, 
Rms. of hexamine 89.39 88.32 87.27 86.38 85.53 
100 gms. of water. 
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Temp. °C 50 60 70 80 90 

Solubility Wt. 
fraction of 
hexamine. 

0.459 0.457 0.456 0.456 0.458 

Solubility, 
gms. of hexamine 84.84 84.16 83.82 83.82 84.50 
100 gms. of water. 
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SOLUBILITY DATi, OF SUCROSE IN WATER.  

1. Source of Data:- "Physical and Chemical Constants" 

by Kaye and Laby. 

Temp. 00 	0 	10 	15 	20 	4 	60 

Solubility, 
Ems/100 gm. 	179.2 	190.5 	197.0 	203.9 	238.1 287.3 
of water. 

2. Source of Data:- "International critical table", 

Vol. 2, page 344. 

Temp. °C. 20 22 24 25 26 28 30 

wt. % 67.09 67.41 67.73 67.89 68.05 68.37 68.70 

Solubility, 
gms/100 
gms. 

203.86 206.84 209.89 211.43 213.00 216.16 219.49 

Temp. 00 32 34 35 36 38 40 42 

Solubility, wt. % 69.04 69.38 69.55 69.72 70.06 70.42 70.78 

Solubility, 
gins. / 100 
gms. 

223.00 226.58 228.41 230.25 234.00 238.07 242.23 

Temp. °C 44 45 46 48 50 55 60 

Solubility, 
wt. 	io 71.14 71.32 71.50 71.87 72.25 73.20 74.18 

Solubility, 
gms./100 
gms. 

246.50 248.68 250.88 255.49 260.36 273.13 287.30 
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3. Source of Data:- Handbook of Chemical and Rubber 

Publishing House, page 1638. 

Temp. °C 	20 25 30 35 40 45 50 

Solubility,67.09 
wt. % 

67.89 68.70 69.55 70.42 71.32 72.25 

Density of 
the soin. 	1.3281 
gms./c.c. 

1.3340 1.3391 1.3/1/11 1.3498 1.3555 1.3614 

Temp. °C 55 60 

Solubility, wt. % 	73.20 	74.18 

Density of the 
solution, gms./c.c. 1.3674 1.3731 

The Solubility data of all the three sources 

are identical. 	For our experiments, the detailed data 

supplied in the "International Critical Table" are taken. 
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SOLUBILITY OF POTLESIUM CHLORIDE IN WATER.  

1. Source of Data:- "Solubilities of Inorganic and 

Organic compounds" (Editor - Siedell, Linke 

3rd Ed. 1951). 

Average curve from the results of 

a) Meusser, Z, Anorg. Chem. 44, 79, '05. 

b) Kohler, Z. Ver. Zuckerind, 47.447, '97. 

c) Andrae, J., Pr. Chem. (2), 29, 456, '84. 

d) Gerardin, Ann. Chim. Phys. (4), 5, 137, '65. 

e) de Coppet, Ibid (5), 30, 411, '83. 

f) Ltard, Ibid, (7) 2, 526, '94. 

g) Tilden and Shenstone, Proc. Roy. Soc. (Lond.) 35, 

345, '83. 

Temp. °C. 0 5 10 15 20 

Solubility, 
gms. of KC1 27.6 29.3 31.0 32.4 34.0 
100 gms. of water. 

Temp. 00 25 30 40 50 60 70 

Solubility, 
gms. of KC1 35.5 37.0 40.0 42.6 45.6 48.3 
100 gms. of water. 

The following values for the solubility of KOl 

in water were determined very carefully by Berkley. 
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Temp. °C. 0.70 19.55 32.80 59.85 

Solubility, gms. of K01 28.29 34.37 38.32 45.84 
100 gms. of water. 

Temp. °C 	74.80 	89.45 	108 (b.pt.) 

Solubility, gms. of KCl  
100 gms. of water. 49.58 	53.38 	58.11 

2. Source of Data:- "Chemical Eng. Handbook" by Perry, 

3rd Ed. 

Temp. °C. 0 10 20 30 40 

Solubility,gms. of K01 27.6 31.0 34.0 37.0 40.0 100 gms. of water 

Temp. 	C. 50 60 70 80 

Solubility, gms. of KC1 42.6 45.5 48.3 51.1 100 gms. of water. 

3. Source of Data:- "Physical and Chemical Constants" 

by Kaye and Laby. 

Temp. °C. 0 10 15 20 40 

bolubility,gms. of KC1 
28.07 31.23 32.80 34.20 40.00 100 gms. of water. 

Temp. 00 
	

60 	80 	100 

Solubility, gms, of KC1 	45.80 51.30 56.3 100 gms. of water. 
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From Graph 48, we read out the solubility 

data from the average curve drawn through the results 

of Kaye and Laby and those of Berkley (Source 1). 

The data taken for experimental purposes are given below: 

Temp. °C 0 10 15 20 25 30 

Solubility, 
gms. of KC1 28.07 31.23 32.80 34.30 35.85 37.35 
100 gms. of water. 

Temp. °C 35 40 45 50 55 60 

Solubility, 
Eap. of KCI, 38.88 40.20 41.6 43.0 44.42 45.8 
100 gms. of water. 
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SOLUBILITY MITA OF POTASSIUM BROMID1t; IN WATER.  

1. Source of Data:- "Solubilities of Inorganic and Organic 

Compounds", editor - Seidell, Linke, 3rd ed. (1951) 

Average curve from results of:- 

a) Meusser, Z. Anorg. Chem. 44, 79, '05. 

b) Etard, Compt. Rend., 98, 1432, '84. 

c) Ann. Chim. Phys. (7) 2, 526, '94. 

d) Coppet, Ibid (5), 30, 416, '83. 

e) Tilden and Shenstone, Phil. Trans., 175, 23, '84. 

Temp. °C. 	0 	5 	10 	15 	20 	25 

Solubility,gms. 
of KBr per 100 	53.5 56.5 	59.5 62.5 	65.2 67.7 
gms. of water. 

Temp. °C 

 

30 	40 	50 	60 	70 

   

Solubility, gms. 
of KBr per 100 	70.6 75.5 	80.2 	85.5 	90.0 
gms. of water. 

2. Source of Data:- "Physical and Chemical Gonstants" 

by Kaye and Laby, 1956. 

Temp. °C. 	0 	10 	15 	20 

Solubility.gms. of KBr 
100 

Solubility, 
	of water. 53.5 	59.5 62.5 	65.2 
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Temp. 00 40 60 80 100 

Solubility, gms. of KBr 75.5 85.5 95.0 104 
100 gms. of water. 

3. Source of Data:- R.E. Mason, Ph.D. thesis from Imperial 

College (London Univ.) (average of the results 

determined by titration and evaporation). 

Temp. 00 20.4 25 30 35 40 

Solubility, 
gms. of KBr 66.25 68.89 71.59 74.16 76.87 
100 gms, of water. 

4t. % KBr in 
solution. 39.85 40.79 41.72 42.58 43.46 

Temp. 00. 45 50 

Solubility, 
gms. of KBr 

	
79.31 	81.16 

100 gms. of water. 

gt. % KBr in 
solution. 44.23 44.80 

For our experiments, the solubility data determined 

by Mason were taken. These are in close agreements with 

the most recent solubility data of KBr in water deter- 

mined by other workers. 
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