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S U M  M A R Y

The homogenising process in glass was studied by nixing two 

different glasses, placed in a known initial distribution. The 

initial orientation was to have a. horizontal interface between the 

two. glasses beoause usually the inhonogeneities lie in parallel 

horizontal layers in n crucible containing glass unstirred by 

convection or a nechanical stirrer.

The honogeneity was measured quantitatively using an etching 

and interferonetery technique developed in thi3 work. The degree 

of honogeneity was defined in terns of the intensity of segregation, 

which varies from one in a fully segregated system to zero in a fully 

nixed system. Mixing was studied using three different simple stirrers.

Hie intensity of segregation was plotted against number of 

revolutions of the stirrer. from these graphs it oon bo seen that 

the value of intensity of segregation calculated fron the etohing 

data has a quantitative significance for following the process of 

honogenisinatian.

The flow patterns observed in thin sections of the glass melts, 

were completely different fron those observed in room temperature 

model experiments. This was because the glasses nixed were of 

different viscosities and densities, while the model had used liquids, 

of equal viscosity and density.

The stirrers studied were not very efficient nixing devioes but 

they were designed to compare results in glasses with the previous, room 

temperature model experiments rather than to be most efficient. The 

disc stirrer was a convenient standard for comparison of the perfornanoe 

of other stirrers. The addition of a blade to the diso helped in
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in "breaking up the interface "between the two layers. The complex 

disc stirrer was only efficient when the lower disc was above the 

liquid-liquid interface. Although no stirrer waa extremely 

efficient, all produced more homogeneous glass than were obtained
from unstirred melts
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C H A P T E R  I 
I N T O D U C T I O N  

1 NATURE OF GLASS AND THE MELTING PROCESS

(i) Definition and composition

Most inorganic elements and compounds melt to form liquids 

having a viscosity about the same as that of water. When liquids, 

of this type are oooled, rapid crystallisation occurs and the 

liquid can only be supercooled to a small extent. However, there 

are some materials which melt to form very viscous liquids. If 

such a liquid is maintained for sometime at a temperature a little 

below the freezing point it will only crystallise slowly, but if, 

instead of holding the temperature constant, the liquid is oooled 

continuously, crystallisation may or may not occur depending on 

the rate of cooling. At a higher race of cooling it is possible 

to reduce the temperature without crystallisation. The viscosity 

of the liquid increases steadily as the temperature is reduoed 

until eventually it is so high that the matorial is apparently 

solid. This solid material is called glass.

Most glasses are complex mixtures of several oxides. These 

oxide3 can be divided into two groups; simple glass forming oxidos 

and modifying oxidos. The «xidos belonging to the former group, 
which can form glasses themselves, are SiOa, GeOs, B903, P90j. and 

Asa03. The majority of glasses oomposed of these glass formers 

together with two or more modifiers such as NaaO, KaO, GaO, MgO, 

BaO, FbO and Al30a. The complexity of the mixture is evident from 

the following examples of compositions of some commercial glasses.
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Glasses Si02 •Ü2O3 B2O3 so9 CnO BaO MgO Na30 K30 PbO

Plate glass 72*0 0*5 - 0*5 13*0 - - 13*20 - -

Pyrox glass 81 *0 2*0 12*0 - - - 4-*50 - -

Lead glass 66 »0 0*9 0*6 - 0*7 0*5 - 6*00 9*30 15*50

The process of "melting" is very complex and it depends upon

the substances present in the batch. Different phenomena oocur in 

the "melting” process such as dehydration, decomposition, dissociation 

and chemical reactions. To illustrate the complexity of the "melting" 

process, consider a simple sodn-lime-silicn glass in which the raw; 

materials are soda (NnaCo3), limestone (CnCos), and sand (SiOs).

If heated separately to about 1400°C NasCo3 melts but does not 

decompose, CaCo3 decomposes to GaO + C02 without melting. The 

resultant CaO has a very high melting point of 2580°C, a temperature 

which i3 never attained in glass melting tank furnaces. Sand (SiOa) 

is unchanged except for the oC- P quartz transformation at 573°C 

and the fact that the quartz will very slowly begin to change to 

its stable high temperature form (cristobalite). When the mixture 

is heated rapidly, there is some solid state reaotion which includes 

the formation of a little NasO - Si03 liquid uf eutectic composition, 

but the first important step is the melting of NnaCo3 at 851°C 

which flows around the other grains and begins to dissolve CaCo3 

to form the double carbonate NasCo3.CaGo3 and to reaot with silica 

forming mostly a composition close to NnsO^SiOa. Some of the 

lime also begins to decompose and be incorporated into the lluid 

liquid phase which tends to rundown. The double carbonate with 

sodium carbonate melts and begins to react rapidly at 812CC so that 

the melt formed by reaotion with NaflCo3 at 851°C will also begin 

to react with SiOB forming a soda-lime-silica melt (not of the final
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Intended composition). At the same time the evolution of Coa 

causes stirring and frothing of the whole mass. After a time the 

very rapid gas evolution 3tops and a melt full of both gas bubbles 

and partly dissolved silica grains remains.
"Melting" is considered complete when all the silica has 

dissolved and the melt is batch-free but still contains gas bubbles. 

When the melt has become batch-free it is usually very inhomogeneous. 

During "melting", liquid richer in Na9C and CaO than the finally 

intended composition runs to the bottom and a sort of froth floata­

tion process carries silica grains upwards to form silioa rioh 

layer on the surface of the melt.

It is well known that glass formation involves both solid 

and liquid state reactions. A1though glass is not in equilibrium, 

studying the appropriate phase diagram often gives useful information 

about glass melting reactions. Morey and Bowen* determined the phase 

diagram of the part of Na30-Ca0-Si0g system in which glasses are 

formed. The phase diagram in shown in Figure 1. In this system 

the lowest eutectic is at 725°C and the chemioal composition of 

that melt is 2-\% NagO, 5% CaO, ~Jl$o SiOg.

On slowly heating a mixture of NagCo», CaCo3 and SiOg there 

would bo a considerable increase in reaction rate at this temperature. 

At higher temperatures other reactions occur suoh as the formation 

of sodium netasilicate or sodium disilicate or the formation of the 

eutectic melt between Nn90.2Si09 and SiOg at 790°C. The peaks seen 

at various temperatures wn differential thermal analysis curves oan 

often bo correctly interpreted from the relevant phase diagrams.

Phase diagrams cannot, howovor, give any information about 

the kinetic3 of these processes, especially the dissolving of
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residual sand grains which is a diffusion controlled process.

Phase diagiams also give useful information about the 

probable products of crystallisation when glass melts are slowly 

cooled but discussion of nucleation and crystal growth is outside 

the scope of the present review.

(ii) Reactions in the molten batch

It may be seen from the Figure 1 that many different 

compositions in the sodium-calcium-silicate ternery system might 

be of interest and the reactions between the indicvidual components 

upon heating could exhibit considerable variety, depending upon 

the stability and the proportions in which the batch constituents 

ore nixed.

The reactions in the batches have been studied exhaustively 
2by KrBger et al , by determining the amount of Goa evolved

thornogravimeterically. Other methods applied have boon electrical

measurements and differential thermal analysis. Figure 2 shows

the differential thermal analysis curve, for the mixture 85% SiOa
2(a)and 15% NasCo3 . Both materials have grain size to pass 350 

B.S.S. Peaks A and B indicate the two polymorphic inversion in 

NasCoj at 340°C and A70°C respectively. At about 550°C the curve 

shows an endothermic reaction due to the formation of a sodium 

meta silicate layer around tho silica grains. As the temperature 

rises, sodium disilicate i3 formed, shown by the exothernio Peak G 

at 700°C. Peak D indicates the molting of sodium disilicate as a 

eutefltio with silica at 790°C. A glassy matrix: is formed immediately 

after tho endothermic peak at 790°C.
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Figure 3 shows the differential thermal analysis curve for

the three component system; 85 mole % SiOa, 14 mole % NaaCo3 and

2 mole % NaF. In this diagram peak A and B include the crystalline

inversion in Na3Co3 at 350 and 470°C, Peak C at 540°C is due to

the chemical reaction resulting in the formation of sodium meta

silicate. The peak D indicates oc ~ £ quarts inversion (573°C).

The peck E at 680°C is due to chemical reaction Between Na3Co3

and Si03# The exothermic peak at 710°C agrees with that in the

two component system and is due to the formation of sodium
2(a)disilicate. At 760°C a glassy matrix Is formed^"*'.

Differential thermal analysis and thermogravimeteric analysis 

lead to some understanding of the reactions which occur but give no 

direct evidence about the homogeneity of the melt or its subsequent 

refining.

After the vigorous reactions are complete, sone sand grains 

remain incompletely dissolved. On dissolving, these will produoe 

regions or cords rich in silica. Preston and Turner"* have studied 

the rate of melting of soda-lime-silica glass and found that at a 

constant temperature it depends upon the grain size of the sand.

At 1400°C about 90$ of the total melting time is taken up in 

dissolving the residual sand grains after the initial vigorous 

reactions have subsided. The rato of sol.ution of these grains is 

proportional to the surface area exposed to attack and prooeeds at 

the approximate rate of 0*003 mm per minute reduction in average 

grain diamoter (Figure 4). (The rate will vary with both glass 

composition and temperature. )
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The observations of several workers support the notion that

the dissolving of the residual sand grains is a diffusion controlled

process but only Kreider nnd Cooper"*’ havo so far reported experiments

to confirm this, although a paper also confirming this has been 
5read by Hlavac but not yet published.
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2 ACCIDENTAL INHQMO&IKEITISS

It has already been mentioned that the heterogeneous reactions 

involved in glass melting lead to inhomogeneities. There are also 

some other important sources of inhomogenoabies. ¿ill commonly used 

refractories are attacked by glass and dissolve in it, producing 

cords rich in AI2O3, SiOg, ZrOg; sometimes solid crystalline 

fragments (stones) break away and do not dissolvo completely*

Stones can also occur when refractory materials in the batch do 

not dissolve completely. Cords produced by refractory oorrosion 

often lie on or very close to the outer surface of the glass.

More randomly oriented silica rich cords may be caused by drips 

from the crown of the furnaoo.

Other specific types of inhomogeneity can be caused by 

evaporation or absorption at the top surface of the melt; alkali, 

boron, lend, fluorine may easily be lost by volatilisation and 

water vapour or SOs absorbed from the furnace atmosphere, \7hon 

fin excessive amount of fines are usod in batch or sometimes, 

perhaps, batch may be charged in such a way that there is a danger 

of batch material being entrained by the flames and batch dust 

nay bo carried on to the refractories. The alkalies present oause 

fluxing of these refractories causing drops of oorrosion product 

to fall into the melt and resulting in aluminous or siliceous 

streaks in the glass.

A general inhomogeneity is often due to some oarelossness 
in the batch nixing, Vfhen the batch is to be transferred somo 

distanoe, do-mixing of already mixed batoh can occur if the dry 

hatch is subjected to vibration or poured from one container to
another
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(i) Segregation during melting

The importance of using a well mixed hatch and thu3 by 

implication the seriousness of any inhomogcneity of the hatch 

has been reported hy Poole^ n . However, even well mixed hatch 

often tends to segregate during melting. The reason for this 

segregation is that during the early stages of melting, when 

hatch is hoated rapidly, the liquid phase first formed is very 

fluid and can begin to drain downwards before it reacts. This 

leaves the upper part of the hatch enriched in silica and other 

less reactive constituents. Also the gases evolved during reaction 

stir the reacting mass. This might he expected to have a chiefly 

beneficial effect hut a froth floatation effoot can also sometimea 

cause additional segregation by making partly dissolved silica 

grains rise and float on the surface of the melt.

(ii) Cords formed during dissolving of refractories

Molten glass is very corrosive at high temperatures and so 

dissolves aluminous material from the surface of refraotory pieces 

in any port of the furnace. In the throat of a tank furnace or 

the doghouse corners, the effect of attack is much greater due to 

the relatively rapid movements of glass, giving forced conveotion 

conditions for corrosion. Another factor which profoundly influences 

the rate of solution of the refractories is the temperature of the 

glass at the interface. When the tank blocks corrode, there is 

usually enhanced attack at the top of the blooka near the glass 

surfaco. This enhanced attack at the top of the block is known 

as fluxline attack. Many thoories have been put forward to 

explain thi3 profilo of attack. Some of theso thoories are
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based on tho tenperature gradients which exist in glass melting 

tanks. It oan be shown that tho rate of solution of refractories 

in molten glass is very much affected by the temperature and it 

can be seen from Figure 5 that change of temperature from 1200
n 6 bto 1500 C increases the rate twenty times * .

Kingery'7 has reported that the kinetics of the solution of 

refractories can be determined by tw« processes; the rate of 

reaction at the interface and tho diffusion of tho soluxo from 

the reacting zone. This later effect can be expressed by the 

Nernst equation,

n/A = K (Cs - C) = D/fceff (Cs — C) 

where n/A = rate of solution

C =s concentration in tho bulk fluid 

Cs = concentration of the saturated solution 

K 3 rate constant 

D = diffusion constant

Goff = effective film, thickness for diffusion 

This equation shows that rate of solution depends directly on 

the difference in concentration between the bulk solution and a 

saturated solution, on tho diffusion constant and inversely on 

the effective boundary thickness.

If the aluminous glass which is formed as a result of 

corrosion enters tho main current of glass, it will give streaks 

or cords in the finish ware. Usually much of the glass recirculates 

between melting and working regions a number of times so that the 

inhomogoneitios are widely distributed, greatly attenuated and oan 

be neglected. But if there i3 excessive solution of matorial near
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the forming point, then there is a real danger of developing streaks 

in the finished product. Cords are also formed when pieces of 

refractory material are dislodged as stones. The stone would he 

surrounded hy a zone of glass which, inconsequence of its containing 

dissolved refractory, would he more viscous than the main mass of 

the glass and would appear as a sac or cord,

(iii) Volatilization

It is a well established fact that loss of volatile components 

from a melt, especially a laboratory molt of relatively small depth
Q

can produce serious inhomogeneity in glass. Kruithof et al have

published a qualitative study of this process. Mass transfer from

melt to atmosphere can result in heterogeneous surface layers, bulk

inhomogoneity and changes in most of the chemical and physioal

properties of at least the surface layers. Cords may bo formed in

borosilicate glasses by the volatilisation of NagO, Kj>0 and B303

leaving a addica rich surface layer. It has been suggested that

it may be best to leave this scorn alone in order to retard further

losses. Often the scum is skimmed off, leaving good quality glass,

though in difficult cases heavy inhomogeneity may necessitate
8partial draining of the tank. Kruithof's work seems to show that 

surface inhomogeneities caused by volatilisation do not always 

disperso through the melt but depending on composition, thoy may 

either sink or float. A systematic investigation of the kinetics 

of the prooosa has been made by Oldfield and Vright^ with particular 

reference to volatilisation and the formation of silica scum on 

borosilicate glass. They found the loss of alkali and B303 from
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tho glasses obeyed a linear relation with the square root of tine 

indicating a diffusion controlled process through the cri3tobalite 

surface layer. The loss was accounted for as metaborate in the 

ratio 5^Na20.B203):1(K2O.B2O3). They also concluded that the two 

nechanisn were involved; evaporation from a free melt surface and 

diffusion through a SiOfl-rich layer whioh itself varies with time.

Volatilisation of alkalies from soda-lime-silica system 

tends to give siliceous cords which loads to higher surface teniion 

and viscosity and lower refractive index. The specific evaporation 

of alkali is higher in the presence of water vapour, the rate of 

evaporation increases with the increase in water vapour content^. 

The water enters the melt, where it reaots with Na20 and is 

evaporated as NaQH. FbO is easily volatilised from lead glasses 

giving a large decrease ir. density with correspondingly large 

changes in refractive index and viscosity.
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3 M3CHANI3H OF HOMOGENIZING

The final homogenizing of glass or any othor inhomogeneous 

viscous liquid depends upon the diffusion of ary inhomogeneity 

into the bulk of the melt or liquid« The process of diffusion 

can be accelerated by increasing the surface area of the 

inhonogeneities and thus reducing the distance over which 

interdiffusion must take place or by increasing the diffusivity.

Since diffusivity is a physical property of the system, 

there are only two ways of influencing it; change in temperature 

or change in composition. Only change in temperature is possible 

far a particular glass but it will increase the refractory 

corrosion, losses by volatilisation and co3t of running the 

furnace. It is, therefore, important to examine the possibility 

of reduoing the distances over which diffusion must toko plaoe. 

This may be accomplished by attenuation af the inhomogeneities.

Attenuation of inhomogeneities by laminar flow was firsx
11discussed by Spencer and Wiley . They reported that it can be 

considered as consisting of two processes, increasing the surface 

area of the interface between the liquids being mixed and 

distributing that interface through the volume of the material.

The first person to consider application of this to glass was.
12Geffckon but the most detailed discussion of this process i3 

due to Cooper , who has also considered its application to 

homogenization of glass in tank furnaces^. He m s  shown that 

the parameter that measures the local mixing rate in a continuous 

laminar flow system is D/ £?ux, where D is the appropriate 

chemical diffusion coefficient, S is the striation thickness 

and ux is the throughput velocity.
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Cooper"*^ has suggested that the amount of mixing required 

(li) between two adjacent striations (i & i + j) can be defined ns

rn(i + l ) -Hi = J (N - N) dn = C-, A N ± Si 
ni

where is a number depending on the details of concentration

distribution, A  is the intensity of the individual striations

and £>± the striation thickness. The rate of mixing is given by

dH . 6(N - N)
dt $t

which lends to

dH r  PAN 
dt =Cs T ~

where Ca accounts for the details of the concentration distribution 

and is of the order of 2 A*, A n  is the intensity of segregation,

P is the chemical diffusion coefficient and 6 is the striation 

thickness.

Cooper"'^ shows that for parallel sided inhomogeneities 

originally at angle °f0 to the streamline, the effective striation 

thickness (S) at n later time i3 given by

V  6o = + 2t grad û . Co3oC0 Sin of0 + (t grad i^)3 + sin8oi(

S'igure 6 is a plot of this equation for various values of the total 

shear (t grad ux). It is evident from this figure that greater the 

total amount of shear, the greater the probability of attenuation 

for any value of

Because of the complex flow patterns and temperature 

distributions different elements of glass follow very different 

paths through the furnace and therefore are subjeot to very 

different amounts of attenuation, and effective B between entering
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and leaving tha funmoo, Cnopar has suggested that in this 

case a suitable way to compare efficiency of processing of these 

different elements is to integrate the expression D/6 ^  which 

is equivalent to ???along the whole length of each streamline

13

x n

*o
and this expression should be maximized for every path. For 

diffusion alone in a parallel slab of thickness 26 it is a 

standard result that diffusion is approaching complocion when 

y 1, so one would wish to havoj p r —  dx 1 for every path but 

much greater than 1, this represents distinct over processing, 

even though its occurrence would not have the undesirable effects 

of having j ^ 5 ^  1.
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4 SEASON FOR INVESTIGATION

It is generally assumed that despite minor evidence of 

slight heterogeneity, normal commercial glasses made in pots or 

tanks are substantially uniform in composition. This assumption 

is rarely tested although inhomogeneities in glass articles due 

to local composition variations may seriously affect its strength, 

thermal shock resistance, internal stress distribution and 

refraotive index or other important properties.

Considering the great importance of homogeneity it is 

surprising that it has by no means exhaustively beon studied.

Work previously published includes se/eral methods of measurement 

but most of them give only a qualitative value of homogeneity.

Very few attempts have been made to measure the homogeneity of 

glass quantitatively.

The common practice for obtaining homogeneous glass in the 

laboratory is to melt, crush and remelt repeatedly until the 

sample is thought to be homogeneous. This is a very tedious 

process. If efficient stirrers wore developed, the homogenising 

process could be simplified. Although very little has been done 

concerning homogenising of the glass melt, some work has been 

done on mixing and homogeneity of batoh. The one exception is 

making of optical glass where mechanical stirrers ore being used 

because of the very good homogeneity required. The function of 

the stirrer is to improve homogeneity by attenuation of inhomo­

geneities, serving to reduce distanoe and inorease areas overwhich 

interdiffusion can operate. The concentration of the inhomogeneitios 

a3 woll as the details of the flow pattorn govern the effectiveness

of attenuation,
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This work was done for several reasons. The most important

are

(i) to show that homogeneity of glass can be measured quantitatively,

(ii) to follow the kinetics of mixing for several different simple 

stirrers,

(iii) to compare results obtained in glasses with those obtained 

in room temperature models.

It was hoped that the results would increase understanding 

of the process of nixing glasses or other viscous newtonian liquids, 

and show what dimensionless parameters need to be matohed to obtain 

reliable information from room temperature models, .Although these 

experiments are not directly related to flow and homogenising in 

tank furnaces, hotter understanding on laboratory scale may be 

oxpocted to help understand behaviour of full, size pot3 or tank

furnaoos
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5 PRINCIPLES OF MEASURING- HOMOGENEITY

A homogeneous body is one for which small samples taken 

from numerous different positions have exactly the same chemical 

composition or the same value of some other property. To describe 

thi3 quantitatively the values and accuracy of measurements of 

the property chosen and also the size of the samples taken must 

be stated. The minimum reliable description of homogeneity 

requires two parameters; the scale and the intensity of segregation.

(i) Scale of segregation

If the actual size of the inhomogoneity can be measured, 

this is the scale that really matters but it is not often accessible. 

Therefore, the size of the sample usually has to bo accepted as the 

scale. If the samples are very much larger than the inhomogoneities 

the result will not indicate serious inhomogeneity, even if it 

exists on a smaller scale. The sample size therefore needs to be 

very carefully chosen. It is inherent in any method of measurement 

that as the sample size increases, tho variance of the results 

decreases. This ia shown in the figure 7> where I is a function 

of the variance. The diagram shows how measured value of I 

deponds on sample size. So long as sample size is smaller than 

the actual size of the inhomogeneities I has its maximum value 

(Region A). When sample size i3 much bigger than the size of the 

inhomogeneities I is very low (Region C). The upper and lower 

limits of Region B, in which I i3 sensitive to sample size roughly 

indicate the size range of the inhomogonoities. Ox could be 

considered as the sample size for this particular case.
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(ii) Intensity of segregation

This is a convenient measure of the width of the distribution

of the property measured. It is a statistical parameter describing

the data such as variance or standard deviation; it is common to

use the variance. Its value is a maximum with maximum segregation

and goes to zero when mixing is perfeot. It is convenient to

define the intensity so that its value is 1 when mixing is as
15bad as possible. Danckwerts has discussed this and defines I 

as

1 ~ h(i - ff)

where a is the concentration of ono component, a is the mean 

concentration of the same component in the mixture and <T2 is the 

variance of the concentration of the component obtained experimentally. 

Y/hen even for perfectly homogeneous bocly era is not zero because of 

errors in method of measurement, it is better to define intensity 

of segregation as

I = ^  (°a. )f .M.a (1 - "Kj

where (cr^.)P.M. is the variance of a fully mixed solution. Figure 8 

shows qualitatively what these terms mean* The original unnixod 

components are represented by black and white squares. When 

perfectly mixed the body would be uniformly g r e y . The striatjon 

thiokness 8 is used as the measure of soale of segregation. It is 

the minimum distance between adjacent intersections with the mean 

concentration. Very often the (average) intensity defined as 

suggested §nd average scalu are enough to desoribo the homogeneity 

in practice. However, this is not always true, for example, in
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strength measurements maximum tensile stress is likely to he more 

important than the average value because it is the tensile stresses 

that weakens the article.

Before homogeneity can be properly described it is necessary 

to be able to measure some property on a sample, small in relation 

to scale of inhomogeneity, to know the size of the sample and its 

position and to repeat the measurements far samples taken from 

many position. The most important factors in measuring the 

homogeneity are accuracy of the measurement, the size of the 

individual samples and the method of sampling the body to obtain 

them.

The size of the sample depends upon the 3ize of the 

inhomogeneities present. If the sample is very much larger 

than the average size of inhomogeneiby, it will probably differ 

very little from the average in properties and yield little 

information. There will be no advantage using samples muoh 

smaller than the size of inhomogeneity, because the samples 

nlroady give very close to the maximum possible intensity 

segregation. If the sample is very small, the less accurate 

will bo the value of property measured. By decreasing the size 

of the samples taken one also reduoes the probability of obtaining 

a representative result unless the number of samples is considerably 

increased.

This is illustrated by examination of a glass system with 

different layers (Figure 9). The thickness of each layer is "x" 

units. If the thickness of the sample is a lot larger than "x" 

units, the measured intensities will not differ much from the 

average and will not detect the actual intensities of the layers.
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Samples of the siso equal to "x" will mostly comprise parts of 

two adjacent layers and the maximum deviation observed in intensity 

will be rather less than the true spread. A sample size of about 

x/2 will give very close to the true range of intensities and 

further decreasing samples size will not appreciably increase the 

range.

For obtaining a representative sample it is very difficult 

to lay down specific rules. It depends very much on the distribution 

of inhomogeneities through the body. In general a method of 

obtaining samples at random through the whole body is required, 

for practicad, reasons tho smallest sample giving useful results 

is to be preferred. The only way to be sure sampling is sufficiently 

representative is to check tho reproducibility.

After deciding the method of measurement, size of the 

individual samples, the number and position of the individual 

samples, the problem remains of tho sampling technique. The 

ideal sampling technique is that there should be no disturbance 

in the body while removing the sample but this is often difficult 

to achieve. This requirement can oasily be met for glass, as 

the whole glass melt can be cooled in the crucible and removed 

without apy disturbance. Then thin sections may be out from 

this melt to investigate the homogeneity.
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C H A P T E R  I I  

R E V I E W  OP THE E A R L I E R  W O R K  
1 METHODS OF ASSESSEiG- HOMOGENEITY OF GLASS

(i) Containers

The degree of homogeneity required varies according to the 

purpose for which the glass is to be used. The requirement of an 

optical glass is that it should be of uniform refractive index 

throughout the whole body. The containers glasses do not require 

uniform refractive index but they need to withstand some rough 

handling i.e. they must have reasonable strength. Bottles 

intended for carbonated beverages, beer and products packed under 

gas pressure must meet requirements of pressure resistance. Some 

highly carbonatod beverages may develop pressures of 125 p.s.i. 

during very warm weather. So the most important criterion far 

the containers is often strength because of resistance to 

internal pressure and long life of multi-trip bottles.

The most common method of investigating day to day 

homogeneity of containers is the Swicker^ rating examination.

In this method a ring section type of examination is used to 

determine and evaluate the degree of cordiness of the glass 

containers. It is a feature of all blown glass ware that the 

cord is nearly always found running parallel to the blown surfaces, 

forming concentric cylinders and the examination of ring sections 

is thus a useful test. Evaluation of the degree of cordinoss is 

based on the amount and positioning of the cords with respeot to 

the normal glass, together 7ith the measurements or estimation of 

the amount of stress present. These stresses are usually the 

result of an inhomogeneous condition in the glass. This i3 a quite
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good method for daily routine but it is essentially qualitative, 

depending on comparison with arbitrary standards.

¿'in enormous amount of work has been done in past years,

in studying the physical properties of the glass, to study closely

the causes of inhomogeneity in glass. In the continuous tank

furnaces, the chemical composition of the glass may be controlled

by routine chemical analysis or by the routine measurement of some

physical property of the glass which is known to change with

variation in the chemical composition. Density, refractive index

and softening point are three of the more common physical properties

that are influenced by the chemioal composition and their measurements

can be used as a means of routine control. The density of the glass

is a function of its composition and since it can be minsured with

very high accuracy, in a relatively short time, on large numbers

of samples, it i3 ofton usod as a means of operating control in

furnace operation. Table I shows the rolativo quantitative effects

of CaO, Si02, Na20 and AI3O3. A change of about in CaO has

a greater effect on density than a corresponding change in SiOa,

Naa0, or AI2O3. on increase in lime content gradually raises the

density, an increase in silica diminishes it. The relation between

density and composition in the system NaaO-GaO-CiOa at room

temperature is 3hown in the Figure 10,
17J. C. Turnbull was the first to separate inhomogeneities

in bottle glass by density difference. A quantitative method of

measuring the homogeneity of glass is the density spread and
18centrifuge of Turnbull and Ghering . This consists essentially 

of separating the powdered glass into density ranges by oentrifuging
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in a suitable dense liquid with accurately controlled temperature.

The particles axe first separated into light and heavy fractions

which may he removed and subdivided by further separation. This

method has several advantages over other methods. The chemical

analysis of the separated fractions nay be used to determine the

materials with which glass is diluted or it may be used to

distinguish further among the various types of cords. The particle

size of the sample is near to the true size of the inhomogeneities,

and the method of sampling the body is much better than the other

methods. Also different grain sizes from one sample may be used

to determine the striation thickness of the cord. Disadvantages

are the fact that the method is a destructive one and no information

can be obtained about the original position of the cord. The

separation of the fine particles is interfered with by change in

density and flocculation produced by any absorbed materiel,

¿mother difficulty which also limits the method, arises from the

comprescibility of the heavy organic liquid. /Iso the experiment

is too lengthy to be done on many samples in one day.
19Preston has described a simplified sink float apparatus 

and method for measuring the density of glass. The method 

involves the settling of lumps of glass in a mixture of heavy 

liquids. This is accomplished in a water bath by means of constant 

heating of the liquid. The tomperaturos are noted at which 

unknovm lumps and pieces of standard glasses settfo past a 

reference level in a tube of heavy liquid. The densities of 

the test lumps are then calculated from those of the standards 

by means of the coefficient for the change of density with 

temperature for the liquid and for the glass. This method is



precise,simple, and easily operated. It is much more rapid than 

the other methods. The temperature difference corresponding to 

the test piece of maximum density and minimum density, taken from 

the same bottle, can readily be expressed as the equivalent density 

spread.

In principle it is a good method but there are certain

disadvantages. The common practice is to take only five samples

from one container once a day which can hardly be a representative

sample. Scatter of densities indicates inhomogeneity but the

method is not a sensitive indicator of inhomogeneity beoause the

sample size is much bigger (3/8 to 5/8 inch square) than the true

inhomogeneities,
20A. T. Coe tried to relate the density spread determined by

the Preston method to possible glass making troubles. He reported

the control limits of ± 0*0030 gns/co on density as being satisfactory

in container glass production. In connection with trends in the

density data, he considered a trend of 0*0015 g/oc in 21+ hours to

cause only slight inhomogeneity. If the trend continues, however,

for another day then severe troubles would be likely to appear,
20Coe used density spreads as indications both of current homogeneity

and of impending trends.
21Shelyubskii used the principle ox' tho Christiansen filter 

and developed a method for determining the homogeneity of glass.

It is based on the variation of scattering of parallel bonm3 of 

monochromatic light by a layer of glass powder in an immersion 

liquid with small variations in temperature. On heating, the 

refractive index of the liquid is decreased and as the refractive



(25)

indices of two phases become closer to each other, the scattering 

is decreased and so by raising the temperature of the suspension 

the transmission of light through it will be increased until the 

two values of refractive index are equal. On further heating 

the refractive indices diverge and this again increases the 

scattering. In other words the transmission reaches a maximum 

at the temperature at which the two refractive indices ore equal* 

Thus the relation between the intensity of the light travelling 

through the vessel and temperature will take the form of bell 

shaped curves. Shelyubskii plotted transmission against the^ 

where ^ = (n^ - na) (Figure 11), For a perfectly homogeneous 

glass, the peak formed is very narrow and showed a maximum 

transmittance of 10Cf/j. The less the homogeneity of the glass, 

the more comparatively wide and slanting will be the peak, as 

some grains will be matched at different temperatures. The 

amount by which the height of the peak is altered is dependent 

on the intensity and amount of cord and can therefore be used

as a measure of homogeneity.
22Raman showed that the intensity of a parallel bean 

passing through the cell should bo

I = ID expj'~î r ^ (n1 - n2)s]
where IQ is the incident intensity, I the emergent intensity, K 

factor depending on proportion and shape of glass particles,

(iXj - n2) the difference between refractive indices of homogeneous 

glass and liquid, A  is the size of glass particles, z the length

of the cell and A  the wavelength of light.
21Sholyubskii assumed that there wa3 a Gaussian distribution
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of* refractive index of* tho glass so that 

Nx = No/(<T J Z U ) .. exp | ~ga•*)

The standard deviation <5®, which indicates the deviation of

refractive index of small particles of the glass from its average,
22is used to measure inhomogeneity. Following Raman’s treatment 

and introducing the parameter a = &. P = (n^ - ng) leads

to

I = Io exp - a (p3 - 0s )

The coefficient a can be calculated from the value of P at the

half width of the peak (Figure 12).
1

ln (TV?2 ) = ln2 = a?3

No doubt the method is rapid and can be used for daily cheok 

but it is incapablo of defining the size and intensity of inhomogeneity 

as two separate parameters. The author assumed a gaussian distribution 

of refraotive index but it is highly unlikely that this is generally 

the case. The refractive index at maximum transmission is due to 

the major component but it does not tell us about the amount of 

major component present there. The experiment cannot give precise 

information about the shape of the actual distribution of refractive 

index.
23Budd and Blanchard have shown one way in whioh this method 

may be usod for coloured glasses and this involves making measurements 

at two wavelengths and taking the moan value of <T.
pi

Schilling and Yfeiss ^ also investigated the homogeneity of
21different glasses by Shelyubskii’s method. Tho reproducibility 

of tho homogeneity coefficient is about ±1^. According to them
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the mothod is useful in optical industry but not for blown glassware, 

where quality is more related to a uniform viscosity.

A method by which cord in glass can be identified without
15destruction of the sample is described by Carr and Shoneberger .

This method is based on a comparison of sample containing cord 

with a sample of ¿Lass, from the same object, free from cord. A 

¿Lass sample is placed on the turntable of an x-ray fluorescent* 

apparatus and a beam of x-rays is direcxed into a small area of 

the surfaae. The elements in the sample will absorb x-radiation, 

when the voltage of the primary radiation is increased above the 

exoitation voltage for eaoh element. As the radiation is absorbed, 

the energy is released in the form of x-rays, the wavelengths of 

which are characteristic for the atom from, which they originate.

The sample must be cut in such a way that tho cord is exposed on 

the surface, as the omission of secondary radiation occur only 

within about 0*1 mm of the surfaoe. By comparing the oounts from 

the base glass and one containing cord, the composition af the 

cord can be determined. The method is only useful when the scale 

of inhomogeneity is not much smaller than the diameter of the x-ray 

beam. Also the method does not give any quantitative value of 

homogeneity.
26Löffler analysed the inhomogeneities in glass by a 

combination of etching and optical interference methods. The 

rate of solution in glasses is dependent on the composition af the 

glass and of the solvent. As cords are due to variation in 

composition, etching a plant section through cordy glass produces

contours which may be evaluated by interference measurements.
26Löffler examined the individual inhomogeneities by this method.
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He has demonstrated that two etching experiments with different 

attacking solutions enable the composition to be estimated more 

preoisely. Since this method gives all the information necessary 

it can also be used to obtain a quantitative description of the 

homogeneity.

(ii) Flat glass

The flat glass is usually viewed against a back ground of 

zebra stripes i.e. alternate black and white stripes. Inhomogeneitie3 

or surface irregularities cause the stripes to appear distorted. 

Viewing either by transmission or reflection may be used, and it 

is often helpful when examining flat glass to tilt so as to observe 

at a glancing angle.
27Holland and Turner used a photo optical method to determine

the homogeneity of glass. The method is also known as the "Schlieren"
28method and apparently is duo to A. Topler . It consists in deter­

mining the proportion of light lost by scattering from any oordiness 

present in a polished, parallel sided specimen. The apparatus is 

very simple, a reduced image of a small souroe of light is formed 

at a diaphragm, an image of this diaphragm is then formed by a 

large, well corrected lens at a second "stop", behind this ¿op a 

photocell or camera is located. The test specimen is introduced 

between the large lens and the second stop. The light falling on 

the photocell is determined as a percentage of the incident light 

on the disc and the intensity of this scattered light, expressed 

as a percentage of the incident light, can be used as a quantitative 

measure of homogeneity. However, it should be noted that no 

information about tho scale of the inhomogeneities is given.
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The sensitivity of the method depends upon the size of the image 

of the source, accurate alignment of the optios and the sensitivity 

of the cell used. The disadvantages are that the method is not 

truely quantitative. If the cords present are all in parallel 

layers, no distortion may he seen and if the surfaces are not 

flat and parallel or internal layers not parallel, distortion 

will appear.
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2 INVESTIGATION OF HOMOGENISATION OF GLASS

A fairly comprehensive study of the factors, such as

temperature, time, hatch formulation, degree of mixing, segregation

tendency in conveying and melting, was carried out hy Tooley and 
29Tiede . They used the density spread technique to measure the 

homogeneity of the glass. The first series of glasses were melted 

in a platinum crucible at 12+00^0 under conditions of minimum 

convective mixing. The melting time varied from 1 to 64 hours.

The experimental results are shown graphically. Figure 13 indicates 

a rapid decrease in density spread during the first 16 hours of 

melting and a slower decrease up to 62f hours. The authors 

suggested that the portion from the top of the melt gavo greater 

density spread than the bottom (Figure 14). This innomogeneity 

was due to the volatilisation from the surfaoe and a tendenoy of 

less dense particles to seek the surfaoe.

Later work showed the effect of temperature on the homogeneity 

rate of glass. Glasses were melted at temperatures ranging from 

1232^0 to 1454°C for four hours under minimum conditions of 

convective mixing. The results showed a sharp drop in density in 

the range 1232°C to 1288°C and a minimum at about 1325°C. Above 

this temperature a slowly increasing density spread was observed 

(Figure 15). Again the greater density spread was observed from 

the glass concentrated in tne top half of the melt. Also the 

homogeneity was improved in the bottom layer as the temperature 

was increased. A possible explanation for the increase density 

spread at higher temperature is that initial segregation at high 

temperature is more intense due to the increased fluidity of the 

melt. It was observed that by repeating cracking and romelting
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these glasses or by melting in a rotating tilted crucible, a marked 

effect in lowering the density spread can be obtained. The 

homogeneity was found to increase with decrease in batch train 

size, more so in the rotating crucible than in the stationary 

one and batch mixing time had relatively little influence as 

indicated in Figure 16.

Bower‘S  used two different methods to measure the homogeneity
21of glass melts; Shelyubskii'a light scattering method and Loffler'

etching and intorferometery technique. He melted 50 gms of glass

in a platinum - kCP/o Rh crucible. The stirrer used was a platinum

thimble on the end of a refractory tube. Two series of melts

were made both of the same composition and melted at 1i400°C.

One set wa8 melted for two hours with a variable 3peed and the

other stirred at a constant speed for different times. The

transmission results are shown in the Figure 17. Bowerreports

that no doubt the light scattering method gives a numerical result

but it does not give a quantitative measurement of homogeneity.

The etching and interferometery method is rather lengthier but

la  oapable of giving all necessary information. But he did not

develop this method fully to get a quantitative value of

homogeneity. He also compared the maximum transmission with

maximum scale and intensity (Figure 18). It does not indicate

that tho shape of transmission peak varies, and all the information

that it provides is represented by the single parameter Tmax. ilso

it does not indicate the actual frequency of intensities in the

sample as does the density spread.
31Plumat ot ol have studied the degree of homogeneity of 

molten glass by using a strioscopic apparatus. The apparatus
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consists of an optical system mounted above the melting furnace 

with arrangements to illuminate and photograph the melt from 

above. The glass is melted in an electrically fused alumina 

crucible. The bottom of the crucible is covered with molten 

lead to produce a clean, bright mirror-like surface. The path 

of any light reflected from this surface depends upon the 

refractive index of the glass above it. If the glass is 

inhomogeneous, light and dark patches are seen where cords alter 

the refractive index in the light path* Thus the progress of 

homogenisation can be followed by studying size, shape and 

distribution of these patches indicating inhomogeneity. The 

method has the advantage that the observations are taken at the 

melting temperatures. The disadvantages are that the patches 

may be due to the cord or temperature difference and it is 

difficult to differentiate between them. Also the method 

gives the average over the whole depth of melt.
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C H A P T E R  I I I

R O O M  T E M P E R A T U R E  M O D E L  E X P E R I M E N T S  

Bradford"^, Howse^, and Tunaley"^ studied mixing of glycerine 

in. a room temperature model of a crucible. The present work was. 

designed to see if their results had any relation to the behaviour 

of glasses.

Complete modelling of mixing requires that both the diffusion

and flow processes be matched. The impeller power should be a

function of the geometery of the impeller and tank, the propertiea

of the fluid, and the rotational foroe of the impeller. The most

important similarities are geometrio, kinematio and dynamic*

Geometrio similarity requires that all corresponding

dimensions in systems of different size bear the same ratio. If

inertial and visoous forces alone are important then the ratio of

inertial to viscous foroe should be matched.

Inertial _ VLP 
viscous “ Tty

which is called the Reynolds number (Re). Sinoe this ratio

determinea whether the flow is laminar or turbulent it is a

aritioal group in correlation of power requirement. If surfaoe

wavea are important, then the ratio of inertial to gravitational

foroe should be the same in both systems, whioh is the Rroude number,

_ inertial farce ____ PVa/L _
~ Gravitational foroe p g gL

The shape of the surfaoe and flow pattern in the vessel may be

sufficiently affected by the gravitational field if the surfaoe

ia appreciably deformed from the horizontal. When the temperature

differences bring about differences in density, it is necessary to

include buoyancy foroe. Thus we should matoh the Grashof number
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(Gr) as well as. the Re number.

where P is the density, g is acceleration due to gravity, p the

coefficient of thermal expansion,aT the temperature difference,

L the diameter of the stirrer, and V is the speed of stirrer»

A model meets similarity criteria for flow patterns when

Re, Fr, Gr, have the same numerical values in both systems. If

it is desired to matoh diffusion as well as flow it is necessary

to matoh Sohmidt number (Sc).

o _ diffusivity of momentum "V _
0 ~ diffusivity of mass ^ D pD

The general relationship for similarity may be written as

(Re, Fr, Gr, Sc...) = 0

In practice one has to examine the process to try to determine

what forces oontrol the behaviour and honoe what dimensionless

numbers it is most important to matoh.

In a complex system it may not be possible to match all the

parameters that might be important. In suoh cases one has to matoh

as well as possible those thought most important. Only experiments.

in both systems can oonfirm whether matching was good enough to use

the model to prediot behaviour of the real system.

A great deal of experimental work, on mixing of visoous
11liquids, has been done. Spencer and Wiley reported that as the 

turbulence onn not play a part in mixing of visoous liquids, the 

mixer must continuously move the liquid in a complex fashion to 

disperse the components to the greatest degree possible. The
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nixing is nost efficient when the stirrer induces flow in the 

liquid in direction at right angles to the striation containing 

the inhonogeneity. If rapid nixing of viscous liquids is required, 

the nethod of deforming the material becomes important. A flow 

pattern is desirable that moves fluid readily into all ports of 

the vessel. If there is fluid in any part of the vessel which 

is not easily moved to the other parts of the vessel, then the 

fluid in that is not easily deformed and mixed with the rest of 

the solution. Such zones of slow movements are often found in a 

viscous liquid because vi3oous drag quickly consumes the kinetio 

energy of a moving viscous liquid. Among the methods used atroom 

temperature to determine the homogeneity of solutions are oolour, 

density, electric conductivity and chomicol analysis.

In their model work, Bradford^', Howse^ and Tunaley"^ 

assumed that the only parameters that it was essential to matoh 

would be Re and Sc numbers. But not knowing the diffusivity in 

glass, they co’ild not match Sc number and therefore matched only 

Re number.
32Bradford started with a known distribution of glycerine 

solutions and mixed these with a rod or disc stirrer. The mixing 

was studied by measuring the eleotrioal conductivity of the 

solution. He concluded that the disc stirrer was superior to the 

rod. This was because the disc induced much greater radial and 

vertionl components of flow in the solution than the rod.

Howse"^ tried throe different stirrers, a diso, a combination 

stirrer and a crank stirrer. He concluded that combination of the 

orank and diso stirrers proved to be a more efficient mixer than
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the disc as investigated by Bradford« He suggested that the

ideal stirrer should induce tangential., vertical and radial shear

in equal amounts into the solution. The disc stirrer certainly

induces tangential and radial shear and some vertical shear.

The effect of the combination stirrer is to disrupt the dead spot

produced in the centre of the toroid resulting from che disc

part of the stirrer but it does not increase the vertical flow in
5U-the solution. To increase -the vortioal flow Tunaley used a 

helical screw stirrer. He reported that the screw satisfied the 

requirement of well dovelopod vortioal flow although use of a 

draught tube would increase this even further.

In all these experiments, done in this department the 

homogeneity of the solution was expressed quantitatively in terms 

of two parameters, I, the intensity of segregation and <T, the mean 

normalised electrical conductivity for any number of revolutions 

of the stirring device used. The derivation of these values 

involvod the use of a random sampling technique. The values for 

the intensity of segregation were shown to be a measure of 

heterogeneities within the main matrix, whilst values for the 

mean normalised conductivity gave information about the progress 

of diffusion in reducing the true intensities of the striations.



(37)

C H A  P T E R  I V  

T H E  P R E S E N T  W O R K

Tho project was designed to study the homogenisation of 

glasses using different types of stirrers. To compare the 
efficiency of different mechanical stirrers, some estimation of 

degree of homogeneity is necessary. A qualitative assessment 

can he obtained by observing the flow pattern®, induced by stirrers. 

Difference in £ low  patterns set up by various stirrers aid in 
explaining the observed differences in mixing time. In model 

experiments, flow patterns can bo studied by taking photographs. 

Figure 19 shows some photographs of flow patterns induced by 

different stirrers in mode} experiments. Theso photographs 

were taken after equal number of revolutions, using two glycerine 

solutions of the same viscosity and density, one of which is 

oolourod blue. Photograph No. 1 3hows the simple flow patterns 

generated by a rotating disc in the surface of the liquid. The 

layer below the disc rotates as the disc transfers power to At 

by friction and is also moved away from under tho disc by 

centrifugal force. The motion is compensated by liquid moving 

up under the central part of tho disc and taking the plaoe of 

the liquid thrown out to the side. This means that there exist 

three velocity components, in the radial direction, r, the 

circumferential direction, and tho axial direction, Z, which 

can be denoted respectively by u, v, w. An axonometric 

representation of thi3 flow is 3hown in tho Figure 20. However, 

it should be mentioned that the flow pattern shown here is far- 
a disc rotating in an infinite body of liquid. When stirring
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liquid in a vessel where the diameter and depth of the body of 

fluid are not very large compared with the diameter of the disc, 

the flow near the disc will differ from that shown here. Y/hen 

a. body of fluid rotates over a flat plane a rather similar kind 

of flow pattern develops (see Figure 2-|). By considering theso 

two flows, the condition of continuity and the boundary conditions 

one can build up a qualitatively accurate picture of the flow 

to be observed in a finite vessel stirred with a rotating diso 

immersed in the top surfaoo of the liquid, (see Figure 22).

To study the mixing process in glass, two different 

composition glasses, coloured and colourless were mixed in a 

Rh/£t crucible. The size and shape of the crucible an̂ l of the 

model ore given diagramaticully in Figure 23.

(i) Matching of Reynolds number

If the glasses have the sane viscosity and density, Re can 

be natohed as follows.

Re = DaHp
V

where D is the diameter of stirrer, N the speed, 0 the density of

the liquid and ’»'j the viscosity.
■n. f-, (2 • 6 )!> X Ni| X 2*3 ,rFor glass, Re^ = ■»--- L '|qq~j----- ^ * 0 155 N^

For the model using glycerine at room temperature,

Rea = = 1.33 n2

If Re^ = Rea one must have

M l «  -  5 ^ 5  =  8 ’ 5 S

In this case, if the speed is 20 r.p.m. in the glass the speed of
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stirror in the model should be 2*35 r.p.m.

If the two glosses have viscosities'1̂  andf^ and densities 

and P 2, the position is more complicated. ForO, we can 

probably assume a linear relation between ̂  and composition and 

therefore simply use the average density. It is rather unlikely 

that the relation between Tjand composition i3 linoar and in. 

this case 3imply using the average value may not be satisfactory.

Sc number could not be matched, beoause the diffusivity 

in glass was not known.

(ii) Choice of experimental conditions

The initial orientation was selected to bo horizontal as 

in the room temperature model, beoause usually the inhomogeneities 

lie in parallel horizontal Layers in a cruoible of glass unstirred 

by convection or mechanical stirrer. One layer of glass was put 

on the top of the other, so as to start with the worst possible 

distribution of the two phases. If batoh is melted, the distribution 

of the inhonogoneities cannot be reproduced accurately from one 

experiment to another and it is very difficult to define the 

situation for which 1 = 1 ;  for this reason a known distribution 

of previously molted glasses was preferred because this allows 

1 = 1  to be defined.

The flow patterns generated wore studied Dy taking shadow 

photographs and ordinary photographs of the thin sections of glass.

IVon the ordinary photographs one oan assess the nixing by 

observing the colour distribution. The shadow patterns give 

details of the flow of the glass induced by the stirrers beoause 

of the tondency for inhomogeneities to beoome aligned parallel to
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tha direction of flow.

(iii) Determination of intensity of segregation

To measure it quantitatively, the degree of homogeneity 

was defined in tern3 of a dimensionless parameter, I, the 

intensity of segregation. To assess, I, for any particular 

sample one needs information about any convenient property at 

a number of random points. So in this investigation, it was

decided to use chemical corrosion as the criterion.
16Following Dnnckwerts the intensity of segregation, which 

varies from one in a fully segregated solution to zero in a 

fully mixed solution, is defined as follows.

r\2s» - 3 3„
S Jmax N a.' (l ~ a ;

where

a = volume fraction of A in each sample 

a = mean value of A in eaoh set 

n = fraction of A in whole system 

S2= measured variance of a 

SS£ = variance of homogeneous solution 

N = number of observations

In this investigation depth of etohing, x, is measured

instead of a. If wo assume a linear relation between a and x,

(which is permissible for those experiments)

a =■ a + m(x - x ) (see Figure 24)

_ da _ 1
m = dx = xA - xB

where x^ = depth of etching of glass A
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Xg = depth of etching of glass B

Unless nixing is very poor, causing sampling to he unrepresentative, 

(a - a ) — t o 

so that we nay write.

(a - a) = (a - ci ) = n(x - x )

, -r 2 f S  (x - X Y - £(x - X )3T>'\hence I = m

or X - •
N ( x .  -  X g ) “ .  ¿>(1 -  l7) •

If tho two glasses mixed together are equal in proportion by 

volume, then a = ■§■

(iv) Size of sample (scale of examination)

In the previous chapter it has been already mentioned 

that the best size of sample to take depends upon the sizes of 

the inhomogeneities present. It should not be much largor or 

much samallor than the inhomogeneities. For the present 

investigation the sample 3ize may be estimated a3 follows.

The depth, b, of the etch pit is measured in terms of tho 

wavelength of sodium light by counting the number of fringes 

betwoen A (at tho top edge) and B (at the bottom) of the etch 
pit. (see Figure 25). This distance, b, obviously roprosent3 

the verticad. dimension of the sanplo size and ia obtained by 

measurement between two points a horizontal di3tanoo in apart 

whioh represents another dimension.

Since intensity is defined in terms of volume fractions 

the sample size should also be defined ns a volume and this
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( b 2 )

requires definition of another distance o. Since the minimum 

distance apart at which it would (generally he useful to make 

two different measurements would he one fringe, this gives a 

minimum sample size, c^. (see Figure 25). In fact, with a good 

interferometer measurements to about 1/1O fringe can ho made, 

so this represents a quite realistic sample size. It would he 

possible to measure depth of etching by tracing the deviation 

of one particular fringe as it passes aoros3 the edge of the 

etch pit and in this case c = ca = n x c^, where n is the number 

of fringes. This gives a much larger sample size but this is 

not reinvent here because this method of measuring depth of 

etching was not used.

For a typical case 

a = 130 microns

b = 16 wavelengths = n^,= 9*4 M 

c^= Fringe separation = 190 ju

03= Total horizontal deviation of 1 fringe = 3040 u 

Thus the minimum sample size is nbc^ = 130 x 9*4- x 190 = 230000 p 3 

and the larger sample size is abc# = 130 x 9*4 x 3040 = 3714880 p* 

We propose to assume that sample size is about 200,000 p3, which 

is the volume of a cube of side about 60 p.

(v) Choice of 3tirrers

The disc (Figure 26 a) was chosen as the basio stirrer 

since the flow patterns generated by it in n liquid are simple 

and symmetrical and the flow can easily be interpreted, at least 

qualitatively, from data already available. In addition, by 

covering a largo fraction of the surface of the melt, it can be
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expected to decrease volatilisation from the melt. Thus, all

other stirrers were compared with the disc and in this work they

were all based on the disc. The two chosen, after studying the
33 3kresulto obtained by Howse and Tunaley , were disc with blade 

and complex disc.

The disc with blade (Figure 26», b ) would appear to be 

useful in a stratified system such as the horizontal distribution 

studied. This stirrer was originally designed to disturb the 

relatively stagnant ring exiating in the flow developed by the 

simple disc. /»Iso, if the end of the blade is below the liquid- 

liquid interface, it would be expected that mixing would be 

faster than for the disc because of the disturbance of the 

interface by the blade.

The complex di3c (Figure 26- c) would only be suitable if 

the lower disc lies above the liquid-liquid interface. If the 

two disos are in two different liquids ouch of the mixing will 

be duo to the disturbance of the liquid-liquid interface by the 

supports. Because both discs are fixed relative to each other 

the liquid between them will not be subjeot to the steep velocity 

gradients neoessary to attenuate the cords very much. In general, 

the complex disc may only be suitable for mixing a thin layer of 

one liquid into the bulk of another.

The stirrers were made of pt-Rh alloy and were driven by a 

small motor fixed above the furnace.



C H A P T E R  V

THE M A I N  E X P E R I M E N T A L  W O R K  
1 APPARATUS AMD METHOD

(i) Design of the furnace

The furnace used was of the silit rod type normally used in 

the department and shown diagramatically in the Figure 27. The 

inner tube was fitted with a refractory stopper, with a large hole 

in it, so that stirrer shaft could pass through it. The stirrers 

were driven by on electric motor fitted on an adjustable platform, 

to change the depth of stirrer in the glass melt.

The whole apparatus is shown in the photograph (Figure 2Ja)

The platinum rhodium cruoibde was enclosed in a refractory shield 

fitted with a refractory lid with a large hole for the stirrers.

(ii) Temperature measurement and control

The furnace temperature was recorded by one Pt/Pt~Rh 

thermocouple and controlled by another, both were projected 

through the refraotory ring so as to reach near the level of the 

refractory shield. In the beginning the temperature was controlled 

ty a Cambridge regulator, cutting resistance in and out of the 

circuit after a fixed voltage had been tapped from a transformer, 

tut later on this was roplaced by an Ether temperature controlling 

unit (type 1292, Ether Thyristor Unit typo 2620/50/250). The 

furnace temperature was sot up by inserting a standard thermocouple 

through the stopper and lid into the centre of the refraotory 

shield. The e.m.f. of this thermocouple was measured by a 

potentiometer and the controller setting adjusted until the 

standard thermocouple indicated the required temperature (usually 1400°C).
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Temperature distribution vertically down tho furnace is 

shown in the Figure 2£. A slight variation of 2°C in temperature 

was found over the depth of the crucible.

(iii) Glass composition

Since the determination of homogeneity by etching with HF 

depends on the composition of tho glass, two glasses wore selected 

which gave a difference in the depth of etching of about 16 fringes. 

The relation between composition and the depth of etching according 

to Bower is shown in tho Figure 29. These glasses also had 

different densities and viscosities. In one of the glasses,

Cobalt oxide was also added to identify it and also to obsorvo 

the flow patterns generated by the stirrers. During the early 

stages, it was thought that difference in densities of the30 

glassos had a very important effect,so from the data alreddy 

available two other glasses expooted to have tho same densities 

were also tried. But later experiments showed that the densities 

were not equal and the data in the litorature aro therefore not 

roliable. The compositions of these glasses aro given in the 

Table II.

(iv) Batch materials

The main batoh materials used were sodium carbonate, oaloium 

carbonate and sand. All the 3and used was taken from, a single 

batoh and was ball milled, sieved, washed in acid and water, dried 

at 110°C and stored in scr*jw oapped bottles. Two kilogram 

portions of sand were milled for about two hours and sieved 

through a set of cylindrical rotary sieves. The sieves available
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and tho size3 of sand grains that was possible to obtain aro 

Given in the Table III. The sand grain size of 0*15 on was used 

in these investigations.

Tho other materials, NaaCa.3 and CaCo3 were analytical 

reagents and were dried at 110°C before use. As they wore 

considerably finer thah the sand used, they were not sieved 

before use,

(v) Melting procedure

Each batch, to make 90 gms. of glass, was weighed out 

separately. The batch was mixed thoroughly with a spatula. 

ij.1 the batch was not put into the crucible at the same time 

but two fillings had to be used because of the risk of the melts 

boiling over. The batches were melted at 1A50°C for four hours.

One hour after putting the batch in the furnace, the melts were 

stirred for ton minutes at 100 r.p.m. and then the stirrers were 

stopped. After another one hour again the molts were stirred but 

only for five minutes at the same 3peed. After four hours melting, 

the crucible was withdrawn and the glass was token out after 

cooling tho cruciblo to room temperature, it was then annealed in 

a muffle furnaoe.

2 MIXING- OF W O  GLASSES

if ter annealing, the glasses were cut horizontally into two 

equal portions. Then the two equal halves of the glasses A and B 

were put into the crucible. The initial orientation of the interface 

was horizontal in all experiments but in some sets the coloured 

Glass was on tho top and in others it was at the bottom. Tho
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crucible was then put in a pot furnace at about 650°C and the 

temperature vías raised up to 1000°C. The viscosity of the glasses 

was 3o high at this temperaturo that very little flow oould occur 

during preheating. The crucible was then transferred to the main 

furnaoe and the glasses were stirred for the required time and 

speed, After stirring the crucible was withdrawn as soon as 

possible (after about two minutes) and after cooling to room 

temperature, the glass was taken out in one piece without 

disturbing the flow patterns and annealed,

3 PREPARATION OF SAMPLE

After annealing the glass was cut vertically to obtain a 

thin section (2-3 mm thick) across one diameter. The faces were 

then ground flat on a grinding wheel, using coarse carborundum, 

powder, followed by finer grades. The surfaces wore finely 

ground by rubbing the sample on a flat glass plate using 3ira 

a3 abrasive. Polishing waa done on a polishing wheel using 

jewellers rouge. In this way a flat well polished surface of 

the sample was obtained. To etch the specimen at twenty randomly 

distributed points, a mask was prepared, as shown in the Figure 30, 

using Kodak mechanical orthofilm. A Kodak photosensitive resist, 

KFCR, was coated on the surfaoe of the specimen then allowed to 

stand at room, temperaturo for a few minutes to allow most of the 

solvent to evaporate. It was then dried in an oven for five 

minutes at about 6fc°C. The photographic negative mask, was plaood 

in cantaot with the resist coated on the sample and exposed to & 

high pressure mercury-vapour lamp (Mazda 250 watts) for five minutes, 

at a. distance of two feet. The purpose of exposure was to
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polymerise or harden the selected areas, of the resist layer not 

covered ty opaque parts of the mask. These areas were insoluble 

in the developer and therefore remained on the surface of the 

glass, to farm the chenmcaXlyresistant stencil. The unexposed 

areas of the resist were dissolved using PC developer for about 

two minutes at 20°C and washed in water, After development the 

resist image was dried in an oven at 80°C for five minutes. Now 

the specimen was ready for etching.

if ETCHING AND INTERFEROMBTERY

The surface was etched in a 2% HP solution at 20°C for ten 

minutes in a polythene tub containing HP and placed in a water 

bath. The temperature was adjusted automatically using a tauleno 

thermoregulatar. The HP solution was stirred by a polythene 

stirrer. The apparatus i3 shown in the figure 31* The etched 

surface, after washing and drying was silvered in a vapour 

plating appartus. The apparatus used to produce intorforenoe 

fringes is also shown in the Figure 32. A diagramatic description 

of this apparatus is given in the Figure 33« The monochromatic 

light souroe was a sodium lamp mounted on an optical bench, A 

glass strip one certimeter wide mounted on an adjustable stand 

at an angle of 45° was used to defleot light on to the microscope 

stage. This strip was mjuntod between the sample and. the 

microscope objective, so that part of the light beam, coming from 

sodium lamp, was reflected on to the sample. Part of the light 

reflected back from the sample passed through the glass strip into 

the microscope objective. The glass sample was mountod on an 

adjustable microscope stage with etched surface facing the objective.
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A microscope slide cover previously silvered to still transmit a. 

reasonable proportion of light was then placed over the area to 

be examined. A special eye piece with oro3swires and fitted with 

micrometer was used to count the number of fringes. Photographs 

of the interference fringes were also takon using a Pontnx reflex 

camera mounted above the microscope eye-piece. The total 

magnification was 100, 10 times each from the objective and the 

eye-piece. The depth of etching was measured in one plaoe on 

three sides of every pit giving a total of about sixty readings.

5 CALCULATIONS OF RESULTS

Taking as a specimen calculation the results obtained 

for k0 0 revolutions (glasses 1 and 2) of the disc stirrer, the 

following readings were obtained on the interferometer.

Number of fringes = 15.15.16, 15.15.15, 19.17.17, 19.19.18, 19.17.17,

15.15.15.15, 14.15.16, 15.15.15.15, 14.14.14, 19.18.20.19, 18.18.16, 

20.20.24, 16.16.16, 13.13, 10.10, 12.13.12, 15.15, 14.16.17* 20.19.19.

f X foOC i ~ 2 ! S f  (a x )

2 10 -5 -10 25 50

2 12 -3 9 18

3 13 -2 -6 4 12

5 14 H ~5 1 5

16 15 - - mm mm

9 16 1 9 1 9

6 17 2 12 4 24

4 18 3 12. 9 36

10 19 4 40 16 160

J t 20 5 20 25 100
H M M i

61 41466
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True mean depth of etching = 15 + 31

S3, variance = ̂  =5*52

16*08

The mean depths of etching for the individual glasses were 

x^ = 26, Xg = 10, giving an expected mean of 18 fringes if the 

relation between composition and depth were exactly linear.

The intensity of seregation, I was therefore calculated as

1 - SV

where S3̂  is the variance for fully mixed glasses. Those glasses 

were stirred at 100 r.p.m. for one hour, .After one hour those 

glasses were again stirred for half an hour at 100 r.p.m. and the 

crucible was then taken out of the furnace and cooled to room, 

temperature. The variance S3̂  was then calculated as. usual, which 

was equal to 0*07.

So intensity I = ' 10)'y''x J  (5*52 - 0*07)

or I = 0*085

Although the information was not usually used, it may be noted 

that this experiment allows one to see how the inhomogeneities are 

distributed. For example, whether the major inhomogeneity lay on 

the top or bottom of the sample.

TORQUE MEASUREMENTS AT ROOM TEMEERATUKE

Torque measurements were made in a simple apparatus used for 

viscosity measurement by the Margules method. The stirrer was 

immersed in golden syrup^ a known weight applied to the scale pans, 

and the tine to oomplete six revolutions noted (Figure 3A). The 

form of the relation between torque and angular velocity helped to 

interpret the observed flow patterns. This is discussed later.
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C H A P T E R  V I  

R E S U L T S  A N D  D I S C U S S I O N  

ROTAT3N& DISC

The disc is one of the simplest possible mechanical stirrer 

for which the flow can easily be interpreted at least, qualitatively. 

The velocity components can be calculated for a disc rotating in 

the surface of an infinite fluid and for an infinite fluid rotating 

over a plane wall. In suitable conditions these results would be 

expected to agree well with actual flows in the central region of 

the crucible.

Consider a disc rotating in a large volume of a fluid. The

layers near the disc are carried around through friction and are

thrown outwards owing to the action of centrifugal forces. In the

case of a fluid rotating ovor a plane, there is a similar effect

but its sign is reversed, the particles which rotate at a large

distance from the plane are in equilibrium under the influence of

the centrifugal force and the radial pressure gradient. The

peripheral velocity of the particles near the plane is roduoed and

so the centrifugal force is decreased but the radial pressure

gradient remains the same and flow spiralling inwards towards the

axis of rotation is produced. Those cases of flow, a flow near a

rotating disc and rotation near a plane, in large bodies of fluid

wore mentioned earlier and diagrams of both shown.(see Figures 20, 21).
35According to L. Prandtl the boundary layer thiokness, defined 

as the distance from the plane or disc at which peripheral, velocity 

is 2$> different from the velocity of the body of fluid or the disc, 

respectively, for these cases is
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(i) rotating cliso = 6^ = A
V

(ii) rotating fluid = Ss = 8 —

The boundary layer thickness in the latter case is twice 

the thickness of the former case. Thus one would expeot the flow 

near the axis in a finite vessel to agree with this simple flow

vessel was much greater than diameter of the disc. It should also 

be pointed out that this analysis applies, in prinoiple only to a

that the flow pattern will be similar but not fully developed.

On putting in appropriate values for Tj & j for glass and a 

suitable value for w one gets the total boundary layer thickness

exceed 47*85 cns, if very close agreement between experiment and 

theory is to bo obtained near the axis tf the vessel when depth 

and radius are much le S3, then radial and axial flov/s will be greatly 

suppressed compared with rotational flow about the axis.

Evidence supporting this was obtained by measuring the 

dependence of angular velocity of torque applied in room tempeiature 

model of golden syrup having viscosity of 418 poise at 26°C.

For the disc rotating over an infinite fluid

only if the depth of melt exoeeded 6  ̂ + 6s and the diameter of the

very large disc (R *— *■ oo) and in practioe is likely to agree 

accurately with measurements only if R ^ 6 .̂ If R <(.6  ̂ it seems

27r
(6  ̂ + 63) equal to 47*85 eras. The values used were w = y ,  7) = 80 poise, 

So the depth of melt and the radius of the disc should

For creeping rotational flow (no radial or axial components)

M = i  n y ? .

where z is the depth of the layer of liquid,
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figure 34 shows that the results agree with the second 

equation. However, observation of the flow did show tho definite 

presence of radial and axial flows but these were, as suggested, 

very much slower than the predictions from the diso rotating in an 

infinite fluid. One important implication of this is that the 

exact flow pattern might be sensitive to Re number, /mother 

important effect will be that the disk will not mix as efficiently 

as expected from the theoretical model. One feature of the simple 

theory that the experiments do agree with is the position of the 

stagnation points on the vertical section about which the fluid 

rotates under axial and radial flows. The theoretical model 

predicts 6  ̂ = -g- 62 and observation of room temperature models 

shows that the stagnation points do lie about 1/3 the depth 

below the disk.

The results obcnined for the model do not agree with the 

results obtained for the glass. One obvious reason for thi3 is 

that Re number is not matched in both systems. The proper 

matching of Re requires 

^  DgaNg (a

or (2-6)a x 20 x 2*3 (4)fl x Na x 1 »25
100 15

or Na = 2*35 r.p.m.

Thi3 means that room temperature model to match glass should 

have boon stirred at 2*35 r.p.m. The original model experiments, 

used 60 r.p.m. and the radial and axial flow was more developed. 

Nevertheless the difference observed between glass and room 

temperature model cannot be explained only by difference in Re number.



This is "because the model considered the mixing of equal 

volumes of liquid of the same viscosity and density. Whereas in 

the experiments with glass the density and viscosity of both 

components are different. In the earlier model experiments, no 

significance was. attached to interface stability. Later work has 

shown that the interface stability is important and is a function 

of viscosity and height ratio.

Comments on the flows seen in the different experiments 

with glasses follow, (.'ill the results were obtained for the 

stirrers with glasses 1 and 2 at 20 r.p.m., unless otherwise 

stated.)

1 DISC STIRRER

(i) Denser glass on top

The flow patterns and ordinary photographs are shown in 

the Figure 35.

50 revs:- From the shadow pattern it is clear that the denser 

glass is falling to the bottom under the influence of gravity 

although the axial symmetry suggests that 3tirrer is having some 

influence.

100 re”s:~ There is a fairly large rogion of denser (colourless) 

glass at bottom, which is not mixed at all. There is a- very thin 

film of coloured glass, v.hich wa3 originally on the bottom, left 

underneath it.

200 r e v s lifter 200 revolutions the flow pattern is developing 

fairly symmetrically, under the influence of the disc but still, 

with a large volume of unmixod denser glass at the bottom. The 

dark central "tail1' of lighter (coloured) glass is rising right
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from thp bottom in the oentre as the thin layer of coloured glass 
is slowly being drawn up into the m i n  circulation.

1-00 revs:- The ordinary photograph shows little of original 

colourless or very dark glass. There is an indication of a ring 

of blue glass around the rim which was very marked at 200 

revolutions. This is presumably the less dense glass adhering 

to the orucible walls rising towards the surface but why it takes 

up this particular form is not clear. General flow pattern is 

similar to those of 200 revolutions but the central tail is less 

distinct.

800 revs:- .'ifter 800 revolutions very symmetrical flow pattern 

can be seen, showing two unexpected features; a distinct ring of 

blue glass around the edge just above the centre aa&a dish shaped 

ring of blue gloss in the bottom half of tho melt. The first of 

these looks as if it might represent an interface between tho two 

separate circulations, one above and one below. It also seems 

tnat thi3 interface could be the natural evolution of the rather 

similar feature seen at 200 revs and 400 revs (left hand 3ide).
Variation of depth of etching with position no longer shows 

distinct segregation of denser glass at bottom.

1200 revs;- The shadow pattern shows very well developed 

rotation about the axis but vortical circulation is not well 

developed. There i3 a distinct sign of a ring around the edge 

already mentioned, though muoh les3 obvious than that seen at 

200 and 800 revolutions. No sharply defined fine detail is left 

(as compared with 50-400 revolutions) and this shows that 

diffusion has greatly reduced the true intensity of tho small 

scale inhomogeneities.
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A plot of intensity (i) against time (Figure ¿+8) shows 

steady progress of homogenising and photographs also suggest the 

same trend. However the distinct decrease in intensity between 

100 and ¿+00 revolutions is not immediately obvious by eye, 

showing the visual observation is not always reliable.

Flow patterns are not at all like the room temperature 

model. It is because the Re matching is not exact and also due 

to the difference of density and viscosity. Possibly flow under 

difference of densities, before stirring began, may have had some 

influence (e.g. difference between ¿+00 and 800 revolutions).

(ii) Denser glass on bottom

To see if density difference was important the above 

series of experiments was repented with the same glasses but the 

other way up. The shadow patterns and photographs are shown in 

Figure 36.

50 revs:- There is hardly any mixing. The main effect of 

stirring is that a ring of denser glass is drawn up into the 

lighter near the edge of the disc.

200 revs:- Again there is vory little mixing although the ring 

seen at 50 revolutions seems more dispersed and rising gas 

bubbles are also producing some mixing.

¿+00 r e v s The general appearance is not vory different from 

200 revolutions but it begins to show some development of 

rotation about the axis. A largo volume of original colourless 

glass is still unmixed.

800 r e v s A  distinot development of radial and vertical
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circulation, can bo seen near the top but not in the bottom 

where there is still a large volume of colourless glass not 

mixed at all.

1000 revs:- It seems that flow is following the evolution of 

flow pattern seen at 800 revolutions. The vertical circulation 

is fairly well developed just below the disc but still there is a 

large region at the bottom, where radial and vertical circulation 

is small.

1200 revs:- nn unmixed layer at the bottom, shows very little 

mixing but it is much thinner than soon at 800 and 1000 revolutions. 

There is a very curious flow pattern in the relatively well mixed 

region which does net seem to be an obvious development of the 

flow pattern at 800 and 1000 revolutions.

Both photographs and the plot of intensity, I, against 

time (see Figure ¿+8) clearly show that the density difference 

is very important. The mixing is much better when the denser 

glass was originally on top, producing more complex flow than 

with denser on the bottom. The flow patterns are very different 

from the room temperature model of equal density and viscosity 

in both cases.

Results at 1200 revolutions suggest further progress in 

mixing than indicated by results at 800 and 1000 revolutions, 

this might be due to rather smaller depth of the melt or different 

depth of immersion of the disc. The interface originally present 

between the two ¿lasses seems to bo stable but convection probably 

accelerates mass transfer across it.
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2 disc STnmm ( glasses 3 and a )

As it is evident from the previous results that density 

has nn important effect, another pair of glasses was selected 

from the scanty evidence available which were expected to differ 

much loss in density whilst still differing in viscosity. The 

flow patterns and photographs are given in Figure 37.

(i) Denser on bottom

50 r e v s There is little mixing, a dome shaped region is drawn 

up under the disc and there i3 a horizontal region between the 

layers in which some mixing has occurred but most of the denser 

glass remains undisturbed.

200 revs;- The interface between the layers is still stable and 

distinct. The mixing above the interface has proceeded beyond 

that at 50 revolutions. There is a slight indication of radial 

and vertiocal circulation above the interface.

1200 revs:- The interface between the layers is still stable 

across most of the seotion but it is disturbed beneath the stirrer 

and this region presumably represents the evolution of the central 

dome seen at 50 revolutions. Examination of the depth of etching 

results shows that, despite the stability of the interface, the 

bottom layer has changed appreciably in composition and this is 

confirmed by the considerably reduction in I (in this melt I — 0*039).

The flow pattern at 200 revolutions looks rather similar to 

that at 200 revolutions in the previous experiment (glasses 1 and 2) 

but less disturbed by gas bubbles.

The interface botween the layers still seems to be stable but 

flow patterns are not identical with previous experiments. Mixing
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is faster in this pair of glasses than the other in the same 

arrangement (see Figure i+S)•

(ii) Denser on top (see figure 38)

100 revs:- This clearly shows irregular flow (good for mixing) 

due to density differences. Tho denser glass is falling down 

under the influence af gravity and corresponding streams of 

lighter glass rising,

400 revs:- Flow system shows a layer of coloured (denser) glass 

on the bottom but the bulk of the melt already contains a 

significant proportion of denser glass (because it is distinctly 

blue), Tho interface seems to be stable and mixing above it is 

fairly good (no fine detail in shadow pattern),

800 rov3:~ A thin layer on the bottom find around tho sides and 

the indication of a central column suggest some vertical and 

radial circulation.

Mixing again is faster than when tho denser glass is placed 

on bottom (Figure 49) and is also faster than for the other pair 

of glasses (glasses 1 and 2) with the same arrangement (denser on 

cop). The smeller density difference may aid mixing of glasses 

3 and 4 but differences in viscosity and effective diffusivity may 

have played some part.

3 DISC WITH BLADE (GLASSES 1 AND 2)

(i) Denser on top

The shadow patterns end photographs are shown in Figure 39* 

200 revs:- Tho denser (colourless) gins3 has flowed towards bottom

in rather irregular way but thoro is an indication of upturned ring
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around outside above half way down which might owe ita existence 

to the action of the stirrer.

400 revs:- The shadow pattern looks like an obvious development 

of that at 200 revolutions. The photograph indicates more mixing 

than at 200 revolutions and an unmixed layer is still on the 

bottom but considerably thinner. Both melts at 200 and 4-00 

revolutions show that ga3 bubbles have attenuated some 

inhomogeneities<

600 revs;- A very thin layer of coloured glass still adheres to 

the bottom. The gas bubbles are many fewer than at 400 revolutions, 

Eroim the colour pattern it is evident that mixing is not good (very 

fine detail is still seen in the shadow pattern) but mixing i3 
nevertheless obviously better than at 400 revolutions.

800 revs:- Nearly all gas bubbles are gone there is an indication 

of stable interface on the shadow pattern except whore it is 

disturbed by the tip of the blade. The vertical circulation is 

not well developed. The shadow pattern does nut show as much fine 

detail as i3 seen for 600 revolutions. Some nliao3t colourless 

glass still lies near the bottom.

1200 revs:- The colourless glass is still not completely mixed 

but a thin layer can still be seen on the bottom and around the 

sides. There is some suggestion of development of vertical 

circulation.

1500 revs:- Mixing has obviously progressed further, the colour 

pattern now shows very little difference in colour. The shadow 

pattern was made more contrasty than the others and did in fact.

show less detail than at 1200 revolutions. The rather curious
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pattern seen suggests further development of vertical and radial 

flow.

The comparison of flow patterns, especially at ¿4OO, 800 

and 1200 revolutions suggests rather different flow from- that 

produced by plain disc, mixing being bettor in the regions 

travelled by the blade.

Graphs of I against time (Figure 52) however shows not 

much difference between stirrers in this case. Thi3 may be 

because the blade suppresses further development of vertical and 

radial flow.

(ii) Denser on bottom (see Figure ¿pp)

100 r e v s The interface seems very little disturbed. There is 

very little indication of development of flow of stirror,

¿pOQ r e v s The colourloss glass is not completely segregated, 

the whole section being blue. In upturned ring can be seen in 

the shadow pattern, which is apparently a part of the original 

interface. There is an indication of vortical and radial flow 

just below and outside the stirrer.

800 revs!** The colour patterns sugg03t that mixing is not better 

than for ¿4-00 revolutions. The shadow patterns are of rather 

similar type but the layer below the interface is much thinner 

and the interface flattor. The central column drawn up is also 

smallor but intensity is nevertheless lower at 800 than at ¿4-00 

revolutions (soe Figure 5°)»

1000 revs:- The shadow pattern does not show any very fine 

detail. Tlie flow soems to be mainly rotation about the axis.

L ring can be 3een drawn up from the base near the corners.



(62)

1200 revs:- Very little detail i3 visible in shadow pattern except 

near the centre at top. (disturbance on withdrawing the stirrer). 

A ring is again rising from the base near the corners. The flow 

still seems to be almost entirely rotation about the vertical axis.

The relation between log I and time is very smooth with 

little scatter (Figure 50). Comparison with same initial 

distribution stirred by disc shows very marked differences.

Mixing in this case is much better with blade, probably beoause 

its tip disturbs the interface. One result, that for 800 

revolutions, does not exactly fit the general trend. This 

might bo due to slightly different distance of tip of blade 

from the intorface.

4 COMPLEX DISC

(i) Denser on bottom (see Figuro A1)

100 revs•- A thin layer of denser glass remains on the bottom.

The flow is not fully developed. A oentral region of lighter 

(dark) glass on the bottom is very distinct. Considerable 

attenuation by gu.s bubbles is seen.

A00 rev3:~ A layer of denser glass is still on the bottom. A 

’•tail" of denser glass is probably drawn up through the hole in 

lower disc and bent outward forming the shape like a handle.

800 revs:- Nov/ the mixing of the bottom layer is beginning but 

flow is not well developed.

.1000 r e v s The orxginal interface has not completely disappeared 

but not nuoh of it remains. The rotational flow about the axis 

is beginning to look well developed.
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1300 revs:- There is no distinct remnant of either layer on 

bottom or original interface. Vertical and radial flow is 

1 oginning to develop but there i3 still a roughly lens shaped 

region not well nixed, just above the position of lower disc*

Comparison with simple disc

The simple disc shows a stable interface at all times even 

up to 1200 revolutions for this initial arrangement. The complex 

disc stirrer disturbs and destroys the interface giving much 

better nixing early in the process. But the rate of mixing with 

the complex disc soon decreases and extrapolation of results 

suggests that plain disc would give rather better mixing beyond 

about 1700 revolutions, (see Figure 33)«

This i3 probably due to decreased shear of the relatively 

large volume of liquid held in the spaoe between the two discs 

which tends to rotato between them with little axial or radial 

flow.

Comparison with disc with blade

The disc with blade disturbs the interface somewhat, but 

less than complex disc stirrer. Up to about 5^0 revolutions 

greater disturbance of the interface with the complox diso gives 

better mixing. Beyond 500 revolutions the diso with blade is 

hotter even though the interface i3 less disturbed. This 

presumably happens because of larger volocity gradients and more 

attenuation with disc plus blade.

Tho comparison of flow pattorns is shown in Figure 42.
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5 EFFECT OF SPEED

(i) Disc stirrer (denser on bottom)

4 comparison was made between several melts stirred for 

the same number of revolutions (1200) at several speeds. The 

shadow patterns and photographs aro shown in the Figure 43.

20 r,p.m.(60 rain):- A thin layer at the bottom shows very 

little mixing but it is much thinner than the original layer. 

There is a very curious flow pattern in the relatively well 

mixed region.

40 r.p.m.(30 min):- The interface is stable but mixing is 

appreciable.

60 r.p.m.(20 min):- The interface is much more disturbed 

though it is not entirely destroyed. There is hardly nny 

denser glass which is not mixed at all. The flow seems to be 

affected by gas bubbles,

100 r,p.m.(l2 rain):- The interface still looks stablo but only 

a very thin layer or hardly mixed colourloss glass is left. The 

time is too short for diffusion to reduce the actual intensity of 

mo3t attenuated cords. Cfrfl bubbles again seem to be playing a 

part in attenuating cord,

120 rrp.m.(lO min):~ The interface is probably not stable.

Only a very thin layer of denser glass is left on the bottom.

Tho gas bubbles have distorted the layers considerably. Again 

the time is too short for much diffusion to occur and much 

fairly fine detail is seen on the shadow pattern.

The graph (see Figure 55) shows a steady decrease in I as 

speed increases suggesting that increasing attenuation because

of
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1) increasing disturbance of interface

2) the possibility that vertical and radial flows become 

more developed,

is the most important feature in this experiment.

(ii) Disc with blade (denser on top)

Another similar experiment was made with the disc with 

blade stirrer, stirring for 2000 revolutions when the denser 

glass was placed on top. The shadow pattern and photographs 

are shown in Figure 44.

40 r.p.n.(.50 min):- The flow pattern 3oen in the photograph is 

very curious. Some unmixod dense glass lies very near to the 

bottom.

60 r,p.m.(35 min):- Tire interface seems to be stable and is 

drawn up towards the disc.

80 r.p.rn.(25 inin):- Central column is drawn up which could be 

further development of flow seen for 60 and 4-0 r.p.m.

100 r.p.m.(20 min):- The stable interface is drawn up towards 

the di3C but the bottom layer is much thinner than seen for 

60 r.p.m.

Tho results do not fall into a simple intelligible pattern 

and thore arc two obvious reasons

1) The denser glass put on top might give different 

effective distributions at moment when stirring began.

2) A possible effoot of depth of immersion of stirrer. 

Unfortunately these experiments were done before effect of

density was fully realised and no further information likely to 

help interpret them is available.
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(iii) For constant timo (60 minutes)(soe Figure 45)

¿0 r,p.raT(24£>0 revs);- A hole in the middle of layer is very 

curious, A thin dome shape is seen drawn up towords the stirrer,

60 r,p,m,(3600 revs):-- The vertioal and radial circulation is 

beginning to develop, A thiok layer of unmixod glass is at tho 

bottom, A very thin dome shape was seen drawn up towards tho 

stirrer at 40 r.p.ra. and a similar feature ocours hero but its 

upper part shows evidence of vertioal and radial flow.

80 r«p.n.(6^00 revs):~ A central column is drawn upwards, A 

very thin layer can bo seen on the bottom,

100 r,p.m.(6000 revs):- The flow pattern looks like further 

development of that seen at 60 r.p.ra.

6 ef f e c t of stirring-

A fov; glasses were melted from batch and stirred with disc, at 

20 r.p.uu for different lengths of time. Tho flow patterns and 

mixing are compared with glasses not stirred, but melted for tho 

same length of time, Tho flow patterns of stirrod and unstirred 

melts are given in the Figure 4-6.

(i) Unstirred melts

1 hour:- Vertical attenuation of cords can be soon which is 

probably duo to gas bubbles.

2 hours:- A complex flow pattern has been developed probably the 

flow is under the influence of density difforenoe3. If tho flow 

were mainly caused by thermal convootion a more regular circulation 

would probably bo seen,

4 hours:- A alight bulk inhoraogenoity can be seen. A layer 

presumably denser on tho bottom i3 very distinct.



FIG. 4 6
CO M PARISON O F STIRRED & UNSTIRRED

M ELTS

UNSTIRRED STIRRED



IN
T

E
N

S
IT

Y
 

O
F

 
SI

FIG.57

0-1

0 - 0 1

0-001
O 2 0  4 0  6 0  8 0

SPEED rpm



(67)

8 h o u r s The bulk inhomogeneity is not serious, A fairly thick 

layer still lies on the bottom; it looks thicker but more diffuse 

than at A hours,

16 hours:- The layer on the bottom is still thero. This is 

relatively thick but becoming much more diffused. No cords are 

seen in the rest of the melt,

(ii) Stirred molts

1 hour:- This is much more homogeneous than the unstirred molt at,

1 hour. An interface lias appeared half way down around the edge and 

there is evidence of well developed rotation about the axis but little 

sign of vertical or radial flow,

2 hours;- From the shadow pattern this seems to show fairly good 

mixing. There is hardly any fine detail visible but the features 

that are seen suggest vertiool and radial flow as well as rotation 

about the axis,

4 hours:- The interface near the walls is unexpected. It might 

be a later stage of that seen at one hour but does not seem to 

follow from the pattern seen at one hour,

8 hours:- The flow pattorn is very like that at four hours but a. 

distinct layer is seen on the bottom and this is considerably 

thicker than the earlier results suggest,

1 6 hours:- The curious interface seoii at 1,4 and 8 hours stirring is 

absent. A distinct layer thinner than that at 8 hours is still seen. 

This ro3ult could be the natural 3ucoossor to that obtained at 8 hours. 

The stirred melts are always more homogeneous than the 

unstirred (see Figure 56), Tho difference is very obvious early 

in tho process on tho shadow patterns. Tho formation and
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persistences or the thin layer on the bottom with tho simple 

disc was not expected.. To remove this a better stirrer is needed. 

It is not clear whether the presence of the thin bottom layer in 

tho stirred melts resulted from a slow settling under gravity or 

to accidentral differences in effective initial distribution in 

the different melts,

7 EFFECT OF TIME ON ¿MOUNT OF DIFFUSION

A few experiments were done ir which the melt was left in 

the furnace for half an hour after stirring stopped, A comparison 

of thoso results with those removed from the furnace as soon as 

stirring ceased is shown in Figure 47« The glasses used wore 

1 and 2 with a vertical interface in the initial distribution.

The stirrer was the plain disc.

200 revs:- After 200 revolutions the flow pattern is not well 

developed. The shadow pattern of the melt removed at once shows 

very fine detail. After leaving for half an hour a considerable 

amount of fine detail has disappeared and the flow pattern 

appears to result from local differences in density*

400 revs:- When removed as soon as stirring had stopped a fairly 

well developed flow pattern is seen.

After leaving for an additional half hour two important 

effects ore seen.

1) There is a distinct tendonoy to flow giving horizontal 

layers but these layers are deformed in somo plaoes by rising 

gas bubbles.

2) Disappearance of much fine detail presumably beoause in 

half an hour pf- approaches or exceeds unity.
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THE EFFECT OF LEAVING IN THE FURNACE AFTER STIRRING HAD STOPPED

Both pairs of shadow patterns chow significant difference in 

general flow after leaving for half hour. This suggests that Better 

mixing might possibly be obtained by several intermittent periods 

of stirring than by continuous stirring.

The disappearance of fine detail on leaving half hour shows 

that thi3 time is sufficient for diffusion to ¿greatly reduoe the 

concentration differences between adjacent thin layers of cord. 

Considering a simple static model, a parallel sided slab of 

thickness 26, the condition for diffusion to be almost complete is

1-5

This gives reduction of maximum concentration difference, at the 

centre of the slab, to about J/o of the initial value.

Measurements made on the shadow pattern of the melt stirred 

for kOO revs and removed at once shows that the finer layers seen 

were actually about 0*08 cm thiok. It can therefore be seen that 

these layers would be effectively lemoved by diffusion alone in 

another half hour if the diffusivity were given by

v. 1 •56'° 1*5 x 16 x 10"^ „ ,rt-6 3 ~1D % — £—  = — *— ------ = 1 *4 x 10 cm sec

No accurate values of effective diffusivity of these glasses are
36 «8 * "•Iavailable but Becker-*3 estimated a diffusivity of about 6 x 10 °cm9boc"’1

for the mixing of two 30 la-lime-silica glasses ut 1 AjOO°C, If this 

diffusivity applied to the present glasses, half hour would give 

Dt/62 ~  6 x 10 ^ x 1 ’8 x 10“/1 *6 x 10 3 = 0*07 which would be 

just sufficient to affect the maximum concentration difference.

If flow reduced 6 by a faotor of two or maro after stirring
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stopped; then half hour would clearly be sufficient tine for the 

fine detail, to become considerably more diffuse on the shadow 

pattern. If the true effective diffusivity were somewhat higher 

the complete disoppearance of fine detail in half hour would be 

expected when sone attenuation also happened*

USE OF THE ETCHING METHOD TO MEASURE HOMOGENEITY

The figure 54 shows the results obtained for two different 

pairs of glasses, curves A and B for one pair,. C and D for the 

other* In curves A and C the denser glass was on the bottom and 

in curves B and D the denser glass was on the top. The curves 

show a steady improvement in homogeneity with time in every case 

and that one can distinguish easily the difference in the rate of 

homogenaaing between the two pairs of glasses and also the greater 

efficiency of homogenisation when glasses flow under buoyancy 

forces at the beginning. Prom these results one can see that 

values of I calculated from the etching data have a quantitative 

signifioanoe in ttaese experiments both for following improvement 

in homogeneity with time and for distinguishing different behaviour.

Similarly the effioiency of different types of stirrers can 

be conpared when they are used under identical conditions na shown 

in Figure 52,

When logarithm of intensity of segregation, X, is plotted

against time the results nearly always lie on a smooth curve and

there is a very small soatter, showing that the measurements are

reasonably preoise. In some cases duplicate experiments were

performed. For example in one case intensity, I, was calculated 
-2 —2to be 1*1 x 10 and 1 *6 x 10 in two different experiments.
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Though the difference between these results is about kCf/o, when I 

is represented on a logarithmic scale the difference becomes very 

srall and this again confirms that the procedure U3ed to calculate 

I gave sufficiently precise results, at least in the earlier stages 

of mixing.

This technique a lso  gives the p o s it io n  o f inhom ogeneities 

and one can say, fo r  example, whether the inhom ogeneities l i e  on. 

the bottom  or in  the centre  o f the  m e lt. This in fo rm a tio n  ia  n o t 

used when une o n ly  considers how I  v a r ie s  b u t i t  is  always; a v a ila b le  

f o r  use in  in te rp re t in g  flo w  p a tte rn s  or fo r  any o th e r purpose.

There are many methods which m ight be used to  determine the 

homogeneity o f  any system in a lu d in g  a g lass m e lt. The e tch in g  

method developed in  th is  work has been found to  be ve ry  convenient, 

f o r  the  d e r iv a t io n  o f q u a n tita t iv e  re s u lts  and in v e s t ig a t io n  o f 

e f f ic ie n c y  o f s t i r r e r s ,  e f fe c t  o f  tim e and so on. However, i t  may 

no t always be the best method to  use w ith  g la ss .

S ig n ifica n ce  o f  in te n s ity  o f segregation

In  de term in ing  the in te n s ity  o f se g rega tion , I ,  i t  i s  necessary 

to  s p e c ify  the va riance  before  m ix ing  has taken p la ce . This is  ve ry  

easy in  the m ixing o f o n ly  two d i f fe r e n t  phases. In  th is  work the 

m ix ing was s ta r te d  w ith  a known i n i t i a l  d is t r ib u t io n  o f two g lasses 

w ith  s t r in t io n  th ickn e ss  muoh g re a te r than sample siae so th a t the 

va riance  be fore  m ix ing  began was a maximhm and th is  value wa3 

assumed to. be 1 . The o th e r im portan t assumption made was th a t 

the re  is  a l in e a r  r e la t io n  between depth o f e tch in g  and com position 

in  the re g io n  between the tw a glasses used.
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In  m e ltin g  o f batch i t  i s  not p o ss ib le  to  s ta te  the i n i t i a l  

d is t r ib u t io n  because more than two components are in v o lv e d  and 

n e ith e r  com position nor q u a n tit ie s  nor s p a t ia l  d is t r ib u t io n  can be 

sp e c ified »  This means th a t i t  is  by no means easy to  s p e c ify  

in te n s ity ,  I ,  fo r  f re s h ly  m elted g la ss . This was the reason fo r  

s ta r t in g  w ith  p re v io u s ly  m elted and homogenised g lasses. The 

d i f f i c u l t y  o f d e fin in g  the maximum: va riance  and hence d e fin in g  I  

does no t a f fe c t  the present work b u t i t  does com plicate the 

extension  o f s tud ies o f  th i3  k in d  to  the  m e ltin g  o f batoh*

Howevor, in  th is  case, comparison o f a c tu a l variance would be 

u s e fu l when study ing  d iffe re n c e s  between m elts made from  s im ila r  

batches which can be assumed to  produce the  same maximum (h u t 

unknown) va rian ce .

A c tu a l g lasses are u s u a lly  multioomponent and equal depths 

o f e tch ing  ore g ive n  by a range o f com positions not one s p e c if io  

com position . In  the present work the glasses cau ld  be chosen to  

l ia . on a l in e  alm ost p e rpe n d icu la r to  the  contours o f  equal depth 

o f e tch in g , so th is  was o f l i t t l e  im portance. In  o the r systems, 

where reg ions o f considerab ly  d i f fe r e n t  com position  b u t a lm ost 

the  some depth o f e tch ing  cou ld  e x is t ,  measurements o f th is  k in d  

would no t g ive  a good e va lu a tio n  o f homogeneity. Mass tra n s fe r  

and both d e f in i t io n  and measurement o f a f fe c t iv e  d i f f u s iv i t y  are 

complex and d i f f i c u l t  to  eva luate  in  multioomponent systems which 

makes in te r p re ta t io n  o f re s u lts  d i f f i c u l t ,

LINEAR RELATION BETWEEN COMPOSITION .id) DEPTH OF ETCHING-

A sm a ll departure from  a l in e a r  r e la t io n  is  no t se riou s  

i f  the  l in e  jo in in g  the g lass com position is  alm ost p e rpe n d icu la r
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to  l in e s  o f equal depth o f  e tch in g . I f  th i3  angle is  very- 

d i f fe r e n t  departures from  l in e a r i t y  o r the cu rva tu re  o f the 

a c tu a l d if fu s io n  path cou ld  he serious and n ig h t give m is lead ing  

values o f in te n s ity ,  I ,

In  30da-line-3ilioa glasses, the depth o f etching is

predom inantly c o n tro lle d  hy the s i l i c a  content o f th e  g la ss ,

so th a t  depth o f e tch in g  is  a more s e n s it iv e  measurement o f

v a r ia t io n  in  s i l i c a  than in  soda or lim e  co n te n t. In  the

presen t work the d iffe re n c e  in  depth o f e tch ing  o f the o r ig in a l

two glasses was 16 f r in g e s  and in te rm e d ia te  values in  tho  p a r t ly

mixed m elts were recorded on ly  to  the nearest f r in g e  making an

e rro r  o f up to  ■§■ f r in g e  p o s s ib le , Sinoo the d iffe re n c e  in  s i l ic a

con ten t was 5 *5/% i f r in g e  d iffe re n c e  would be e q u iva le n t to

about 5*5/32 = 0*17 S i02, Many g lasses re q u ire  th a t  d iffe re n c e

in  com position be much sm a lle r than th is  bu t i t  would be poss ib le

to  measure depth o f e tch in g  much more a ccu ra te ly  and deteot

d iffe re n c e  in  S i02 con ten t a t le a s t  10 tim es sm a lle r by using

sl h igh  q u a lity  in te r fe ro m e te r . The present method th e re fo re  oould.

be made more p re c is e ,

26L S ff le r  , in  h is  o r ig in a l work on e tch in g  o f g lasses, 

showed th a t  o th e r reagents (e -g  HP03, 10/o Na OH e tc . )  gave a 

d i f fe r e n t  r e la t io n  between depth o f etoh-ing and com position . I t  

is  th e re fo re  p o ss ib le  to  determine com positions more p re c is e ly  

i f  two e tch in g  experim ents are done w ith  d i f fe r e n t  e toh ing  

s o lu tio n s  and th is  would a id  in v e s t ig a t io n s  made in  m u lt i­

component systems.
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SIZE OF THE S.1IPLB

I t  ha3 a lready been mentioned th a t  the size  o f the 

in d iv id u a l samples re q u ire d  to  g ive  a r e l ia b le  estim ate  o f 

in te n s it y ,  I ,  depends upon the  s ize  o f the inhonogene ities  

p re se n t. The sample s izo  should bo no b igg e r than the  a c tu a l 

s ize  o f inhom ogeneities and is  bes t ra th e r  sm a lle r. Another 

problem is  th a t  i f  the  s ize o f the  m elt i s  increased,, bow. 

should the size  and number o f the in d iv id u a l samples be increased.

To ge t s u f f ic ie n t ly  p rec ise  re s u lts  i t  is  necessary th a t the sum 

o f in d iv id u a l samples represents  a c e r ta in  p ro p o rtio n  o f the  

whole body. If the t o t a l  sample i s  too  sm all and th e re fo re  not 

re p re s e n ta tiv e , the  r e s u lt  is  in accu ra te  and not re p ro d u c ib le ; 

i f  the to t a l  sample is  unneoessarily  b ig ,  the  r e s u lt  is  accurate 

b u t too much work is  in vo lve d  and tim e Í3  wasted. In general i t  

Í3  d i f f i c u l t  to  s p e c ify  beforehand how la rg o  a f r a c t io n  o f the 

whole body mu3t be taken and th is  is  bes t found by checking the 

r e p ro d u c ib il i t y .

I f  i t  were d es ired  to  soale up the  present work to  in v e s tig a te  

the m ixing o f la rg e r  m elts one would have to  consider how to  change 

the s ize  o f th e  e tch  p i ts  and the number o f e tch p i t3 .

I n i t i a l l y  tho s t r ia t io n  th ickn e ss  wa3 considerab ly  g re a te r 

than the 3 ize  o f th o  etch p i t  so th a t in  n e a rly  a l l  casos the 

severa l measurements made on oaoh p i t  would n e o e ssa rily  g ive  the 

same r e s u lt  and 20 etch p i ts  would r e a l ly  g ive  o n ly  20 independent 

va lu e s . However, in  most cases average s t r ia t io n  chickness soon 

became a p p re c ia b ly  sm alle r than the size  o f the  e tch  p i t  and e*oh 

o f tho measurements mado on one p i t  becomes an independent 

o b se rva tio n . TThon 3 measurements were made on each p i t  th i3
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g ives 60 independent observations and g ives a more re p re se n ta tive  

sample. Using la rg e r  e tch p i t s  would no t a f fe c t  the  tru e  scale 

o f exam ination bu t would make the measurements a t d i f fe r e n t  p laces 

on the same p i t  more independent o f each o th e r and th is  could  be 

an advantage.

In  sca lin g  up i t  seems l i k e ly  th a t  the e tch  p i ts  should be 

la rg e r  b u t when i t  is  not a t present known whether s t r ia t io n  

th ickn e ss  would rem ain the same or a lso  be scaled up in  approxim ate ly  

the  same r a t io  o f the l in e a r  dimensions o f the system* i t  is  not 

c le a r  how much la rg e r  they should be. I t  may be suggested th a t ,  

to  g ive ra th e r  b e t te r  sampling o f the body* they should be scaled 

up ra th e r  mare than the l in e a r  3oale o f th e  m e lt. I t  i s  a lso  

l i k e ly  th a t  a la rg e r  number o f e tch  p i t s  should be used because 

the volume o f the system increases w ith  the  cube o f l in e a r  

dim ensions. To make the t o t a l  sample the same volume f r a c t io n  

would mean making the  e tch  p i ts  ve ry  muoh la rg e r  un less the  number 

i s  co n s id e ra b ly  in creased . No sim ple ru le  can be g iven about how 

to  change both number and s ize  o f e tch  p i ta .

Goodness o f sampling and p re c is io n  o f in te n s ity  o f 

segrega tion , I ,  should be te s te d  by f in d in g  the r e p r o d u c ib i l i t y .

COMP.'f ISON OF FLOW IN MELTS ,\ND ROOM TEMPERATURE MODELS

The f lo w  p a tte rn s  observed in  the g lass m elts are com plete ly 

d i f fe r e n t  from, those observed in  the room tem perature model. T h is  

nay be in  p a r t  due to  the d iffe re n c e  in  Re number o f  the two systems 

which d i f f e r  by a fa c to r  o f 10. But o f p rim ary importance are the  

d e n s ity  and v is c o s ity  o f the two phases to  be m ixed. The model, 

which mixed l iq u id s  o f equal d e n s ity  and v is c o s i ty ,  oan bear
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l i t t l e  resemblonoe to  the  g lass m e lts , which mixed l iq u id s  o f 

d i f fe r e n t  d e n s ity  and v is c o s ity .  If the denser l iq u id  is  on the 

bottom m ix ing  o b v io u s ly  more d i f f i c u l t  as was 3hown by experiments 

w ith  g lasses, see F igures 52 and 53. However, even i f  th e  

d e n s it ie s  ore id e n t ic a l bu t the v is c o s it ie s  d i f fe r e n t ,  the  

two l iq u id a  may no t m ix. When the  v is c o s it ie s  are d i f fe r e n t ,  the

in te r fa c e  between the la y e rs  may be deformed bu t rem ain s ta b le

. . 37giving very inefficient mixing. Yih has shown that even for a

s t r a t i f i e d  l iq u id  flo w in g  over a plane surface  the  in te r fa c e  may

or may not be stable even at very low Re. He also showed that

the r a t io s  o f the v is o o s it ie s  and the th icknesses o f the  two

la y e rs  have a ve ry  im p ortan t in flu e n ce  on s t a b i l i t y  o f in te r fa c e .

38
Recent experiments by Moore have confirm ed th a t d e n s ity  and 

v is c o s ity  d iffe re n c e s  a f fe c t  m ix ing . In  the closed system used, 

flo w  p a tte rn  is  much a ffe c te d  by speed o f s t i r r e r .  F igure  58 

shows how the s t a b i l i t y  o f in te r fa c e  v a rie s  w ith  speed o f 

s t i r r in g  fo r  a p a r t ic u la r  v is c o s ity  ra t io ; .  There is  a p a r t i* u la r  

c r i t i c a l  speed th a t is  needed to make the l iq u id - l iq u id  in te r fa c e  

u n s ta b le , a t  low er speeds m ix ing  is  by d if fu s io n  a ided  by 

convection  and a t h ig h e r speed by a tte n u a tio n  and d if fu s io n  which 

i3  much more ra p id .

EFFICIENCY OF STTRRFRS

The e f f ic ie n c y  o f a 3 t i r r e r  o fte n  depends upon the i n i t i a l  

d is t r ib u t io n .  Thi3 is  c le a r ly  shown by the data in  F igure  52 

in  which th e re  is  n o t much d iffe re n c e  bwfcween the two d i f fe r n n t  

s t i r r e r s  when the denser g lass is  p lacod on "the top  b u t a b ig  

d iffe re n c e  when the denser glass is  on the bottom . The beat
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3 t i r r e r  to  use in  any p a r t ic u la r  system th e re fo re  mu3t depend on 

the p ro p e rtie s  and i n i t i a l  d is t r ib u t io n .  The s t i r r e r s  s tud ied  

were no t ve ry  e f f ic ie n t  m ix ing devices b u t they  wero o r ig in a l ly  

chosen to  produce sim ple flo w  p a tte rn s  ( in  a. system o f equal 

d e n s ity  and v is c o s ity )  which would a id  understand ing o f the 

experim enta l r e s u lt s ,  ra th e r than  f o r  maximum e f f ic ie n c y .  The 

3 t i r r e r s  used a l l  l e f t  a th in  la y e r  o f g lass o f d i f fe r e n t  

com position  a t the bottom o f  the  c ru c ib le  b u t the necessary 

c o n d it io n  th a t v e lo c ity  is  zero in  con tact w ith  the m eta l w a ll 

makes m ixing o f such a la y e r d i f f i c u l t  in  any case.

The d iso  is  n o t an e f f ic ie n t  m ixer but i t  is  a convenient 

standard f o r  comparison o f the  performance o f o ther s t i r r e r s .

The a d d it io n  o f a blade to  the  d isc  breaks up the in te r fa c e  

and increases the  n ix in g  e f f ic ie n c y  p a r t ic u la r ly  when the denser 

g lass is  on the bo ttom , b u t tho  homogeneity ob ta ined  i3  no t o f 

o p t ic a l q u a l i ty .

The complex d isc  s t i r r e r  is  o n ly  e f f ic ie n t  when tho lower 

d isc  is  above tho l iq u id - l iq u id  in te r fa c e ,  Thi3 s t i r r e r  can be 

used to  remove the th in  la y e r on tho bottom, o f th e  m e lt, ra th e r  

q u icke r than e ith e r  o f the o thers b u t does no t n ix  the h u lk  o f 

the l iq u id  so w e l l ,

MEAN DEPTH OF ETCHING

Tho o r ig in a l  homogenised glasses 1 and 2 wero etohed in  the  

standard c o n d it io n s , th a t is  fo r  ten  minutes a t 20*C, and gave 

depth o f e tch in g  10 and 26 fr in g e s  re s p e c t iv e ly . A f te r  m ixing 

tho two g lasses fo r  d i f fe r e n t  number o f re v o lu t io n s , fo r  one set
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o f  experiments a l l  the specimen were etched to g e th e r a t the same 

tim e . D iffe re n ce s  in  mean depth o f e tch ing  in  any se t th o re fo ro  

cou ld  not be due to  d iffe re n ce s  in  e tch in g  c o n d it io n s . But as: 

the d if fe r e n t  so ts wero not etched to g e th e r, they co u ld  d i f f e r  

s l ig h t ly  from  each o th e r. This can happen w ith  a ve ry  s l ig h t  

d iffe re n c e  o f experim enta l c o n d it io n s , f o r  example a -g-wC 

d iffe re n c e  in  tem perature can vary  the depth o f e tch ing  by th ree  

to  fo u r  f r in g e s ,  sm all d iffe re n ce s  in  tim e o f e tch ing  havo much 

le ss  e f fe c t .

The depth o f e tch in g  can a lso  va ry  f o r  in d iv id u a l samples 

i f  tho  p h o to re s is t is  no t p ro p e rly  washed away from  the e tch  p ita  

bu t care was taken in  p reparing  the se ctions to  a vo id  th is .  

D iffe re n ce s  in  moan depth o f e tch in g  in  any one se t o f experiment» 

m ight be duo to  sampling e rro rs  or a n o n - lin e a r r e la t io n  between 

depth o f e tch in g  and com position. The form er would be random but 

the l a t t e r  would p robab ly change s te a d ily  as m ixing improved.

To examine the  way in  which depth o f e tch in g  v a rie d  the 

re s u lts  f o r  each se t o f m elts wero tro a te d  as i f  mean depth was 

to  be used f o r  a c o n tro l c h a rt and the p r o b a b il i ty  o f tho va rio u s  

values be ing s t a t i s t i c a l l y  s ig n if ic a n t  estim ated  from  the ranges. 

Some o f  the re s u lts  are shovm in  Table XIV. Out o f  2+4 r e s u lts ,

14 lie outside the limit that the probability of tho differences 

is significant is 5/& and 6 beyond the 0*1/fc probability limit.

Tho data do not suggest a genera l tre n d  o f mean depth w ith  increased 

m ix ing and th e re fo re  do n o t suggest d is t in o t  n o n -lin e a r r e la t io n  

between com position and depth o f e to h ing . The number o f 

observations beyond tho 5/^ or 0*14 p r o b a b il i ty  l im i t s  suggests
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th a t  the t o ta l  sample taken i n  each m e lt was not q u ite  la rg e  

enough to  be t r u ly  re p re s e n ta tiv e . The v a r ia t io n  in  grand 

means between 3et3 o f re s u lts  shows some sm all d iffe re n c e  in  

e tch in g  c o n d itio n s .
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CONCLUSIONS

Most o f the d e ta ile d  conclusions drawn in  the  case o f 

experim ents w ith  d i f fe r e n t  s t i r r e r s ,  development o f e tch in g  

technique and d i f fè r e n t  f lo w  p a tte rn s  have a lready been g iven  

a t  the a p pro p ria te  p laces in  the  te x t .  F igures ¿+8 to  53 show 

the  main re s u lts  o f the  behaviour o f d i f fe r e n t  types o f s t i r r e r s .  

However, some im p o rta n t conclusions drawn during  th e  present work 

can be summerised here.

1) The e tch in g  and in te rfe ro m e te ry  technique developed in  th is  

work g ives a u s e fu l q u a n tita t iv e  d e s c rip tio n , o f homogeneity, end 

in fo rm a tio n  about the p o s it io n  and in te n s ity  o f the cord . I t  i3  

however, too le n g th y  a method to  u3o in  in d u s try  f o r  the  d a ily  or 

more fre q u e n t e s tim a tio n  o f the homogeneity o f  g lass . However, 

any technique s u ita b le  f o r  use when ra to s  o f p ro du ctio n  are 100 

o r more tons a day w i l l  be d i f f i c u l t  to  f in d .

2 ) The technique can be used to  d is t in g u is h  between systems th a t  

behave d i f fe r e n t ly  and to  compare the e f f ic ie n c y  o f d i f fe r e n t  typ e s  

o f s t i r r e r 3.

3) Hie results obtained for intensity of segregation and flow 

patterns showed that the behaviour of the glass melt3 waa not 

similar to that of room temperature systems. This might partly be 

due to Reynolds number not being properly matched but was largely 

due to differences in viscosity and density of tho two glasses used, 

if) Of the three different stirrers used, the di30 with blade is 

the best mixing device, especially when the denser glass is put on 

the bottom.

5) In melts that are not stirred the homogeneity improves 

rapidly with time up to 2-4 hours melting and then more slowly
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up to  8 hours. Beyond 8 hours , the re  i s  very l i t t l e  fu r th e r  

improvement. Plots, o f I  va- t in e  were o f ra th e r  s im ila r  shape 

f o r  m elts which were s t i r r e d  bu t the homogeneity o f s t i r r e d  

m elts was co n s id e ra b ly  b e tte r  than o f u n s t ir re d  m elt3 .

FURTHER 7QRIC

From the present work we know th a t d e n s ity  and v is c o s ity  

have im p ortan t e ffe c ts  on the  f lo w  p a tte rn  and extensive  work 

should be done on model a t  room tem perature w ith  d i f fe r e n t  

l iq u id s  o f d i f fe r e n t  p ro p e rtie s  as w e ll as fu r th e r  experim ents 

a t  h ig h e r tem perature , to  show th a t behaviour i3  s im ila r  when 

Reynolds n u n b e r^v iso o s itie 3  and d e n s it ie s  are p ro p e rly  natohed. 

To match these p ro p e rly  more accurate values f o r  d e n s ity  and 

v is c o s ity  o f the glasses used w i l l  be necessary.

In  th is  in v e s t ig a t io n  batoh was n o t s in te re d , but i t  i s  

b e lie ve d  th a t s in to r in g  the  ba tch  m a te r ia l be fo re  m e lting  g ives 

a more homogeneous product than  one in  which the raw batoh i3  

m elted d i r o c t ly  and 30 th is  should be in v e s t ig a te d  in  fu tu re .

In  these experim ents 90 gne o f g lass was m elted. To see 

the e f fe c t  o f s c a lin g  up, experiments should be done w ith  m elts 

cons id e ra b ly  la rg e r  sca le , fo r  example about 1500 gms,

When ve ry  homogeneous glasses are needed the  e tch in g  and 

in te r fe ro m e try  method nay n o t be s u f f ic ie n t ly  s e n s it iv e  and 

o th e r techniques o f measuring in te n s ity  o f segregation  may need 

to  be developed*
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K E  EFFECT OF CHANGS IN GIf.SS COMPOSITION ON 
DENSITY OF A CONTAINER GLASS

T A B L E  I

Substituting one glass forming oxide 
for another

+ \% SiO2 
+ i/o Na20 
+ CaO 
+ 1 % ASL2O3

Si02

+ 0*0075 
+ 0*0127 
+ 0*0043

NagO

- 0*0075 

+ 0*0053
- 0*0033

CaO

~ 0*00127
- 0*0053

- 0*0085

*0-3 O3

~ 0*0043 
+ 0*0033 
+ 0*0085

Change in 
Density 

g/cc

- Q*0085 
+ 0*0065 
+ 0*0120 
+ 0*0020

T A B L E  II
COMPOSITIONS OF GLASSES USED

(wt. %)

Glass. SiOs Na20 CaO CoO

1 73*50 16*50 10*0

AALfNCMO•O of total batch
2 68 *0 17*0 15*0 •»
3 70*0 10*0 20*0 0*025$ of total batoh
4 72*25 15*15 12*15 -

T A B L E I I I

B.S.Mesh No. Aperture nn Sand grain size mm

25 0*599 0 *510
36 0*422 0*337
60 0*251 0*220
85 0*178 0*150
120. 0*124 0*114
150 0*104 0*096
170 0*089 0*071
240 0*066



FIG.59
TYPICAL ETCH PITS
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A P P E N D I X

I N D I V I D U A L  E X P E R I M E N T A L  D A T A

In each aot of experiment3, the nean depth of etching, 

variance and intensity of segregation was calculated separately. 

The data for each set is given in tables IV to XIII,
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classes 1 and 2

T 4 B L E I V

Initie! Distribution - Denser glass on the top

Stirrer — Plain Disc

Speed - 20 r.p.m.

Depth of 
etching in 50 100

frequency 
200 400 800 1200

fringes revs revs revs revs revs revs

10 — 5 - 2. ~ -
11 7 - - - - -
12 13 7 - 2 - -
13 3 3 6 3 2 -
14 - 7 5 5 7 -
15 - 5 10 16 16 33
16 - 5 7 9 11 13
17 - 2 5 6 13 7
18 1 1 2 - 7 -
19 - 2 5 10 - -
20 1 7 6 4 - -
21 1 3 1 - -
22 2 1 4 - - -
23 8 1 2 - - -
24 7 - 3 - - -
25 2 - - - - -
26 - - - - -

Mean Depth 17-05 15*54 17*0 16 *08 15*84 15*50
Vnrianoo 32-1 14*40 11 *44 5*52 1 *8 0*52
Intensity 0-47 0*21 0*16 0*079 0*020 0*0043
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T A B L E  V

GLASSES 1 AND 2

Initial Distribution - Denser glass on the botton 

Stirrer - ELain Disc

Dopth of 
etching in 50

Speed -  

200

20 r .p .

100

n.

Frequency
800 1000 1200

fringes revs revs- revs revs revs rova

10 10 - •>» - - -

11 12 - - - - -

12 8 10 - - - mm

13 7 23 12 mm mm

14 - 2 13 13 11
15 - - - - - 13
16 - 4 12 10 8
17 - - mm 6 9
18 - - - 3 3 25

19 p* mm- 8 - - -

20 - - 7 3 7 12.
21 - - 7 7 -
22 - 5. - - - mm

23 A - - - mm-

21 12 - - - - 10
25 13 17 15 7 7 -

26 - - - - - mm

Moan- depth 19*1 16 *5 17*8 17*03 18*02 18*61

Variance 56*14 43*23 23*97 16*67 13*7 8*7
Intensity 0*85 0*65 0*36 0*25 0*20 0*1;3
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T A B L E  V I

GLASSES 3 AND 4
Initial Distribution - Denser glass on top 

Stirrer - RLnin Disc

Speed - 20 r.p.m.

Depth of 
etching in 
fringes

Erequenoy
50

revs
100
revs

200
revs

400
revs

800
revs

1000
revs.

1200
revs.

10 - ~ - - - - -
11 - 2 - - - - -
12 - 5 - 7 2 - -
13 ~ 7 - 7 - - -
14 - 10 - 14 10 - -
15 - 12 - 14 43 - -
16 - 10 - 18 13 mm -
17 ~ 3 - 4 - mm

18 - 2 - 2 - - mm-

19 ~ 2 mm - - •»* -
20 - 4 M» - - - **
21. - 1 - ~ -

Moan depth - 16 *1 - 14*5 15*1 - -
Varianoe - 5*87 2*21 0*60 mm -
Intensity - 0*0835 - 0*029 0*0053 - -
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Initial Distribution - Don3or glass on the bottom. 

Stirrer - Plain Disc

T A B L E  V I I

GLASSES 3 AND A

Speed - 20 r.p.m.

Frequency
Depth of 
etching in 50 100 200 400 800 1000 120 0

fringes revs. revs revs revs revs revs revs

10 6 - 1 — - - -

11 12 - 7 - - mm -
12 3 - 1 0 - - 5
13 7 - 16 - - 11

14 3 “ 11 - - - 29

15 - - 10 - - mm 8
16 2 - 2 - - - 3
17 4 - 3 mm- mm - 8
1 8 4 ~ 2. ~ - - 6
19 2 - - mm 1
20 11 mm mm - - “ -
21 2 - - mm - - -
22 2 mm - - mm mm -

Mean depth 17*0 - 14*1 - - mm 14*7
Varianoe 16*60 - 4*0 - - - 2*86
Intensity 0*246 - 0*19 mm - - 0*0394
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Initial Distribution - Denser glass on tho top 

Stirrer - Disc with blade

T A B L E  V I I I

GLASSES 1 AND 2

Speed - 20 r.p.n.
Depth of 
etching in 
fringes

100
revs

200
revs

400
revs

Frequency 
600 800 
revs revs

1000
revs

1200
revs

1500
revs

10 2 - - — — — — -
11 3 - - - - - - -
12. 5 13 ~ - - - - -
13 3 - 8 «•» - - - -
14 - 15 4 5 - ~ - mm

15 - 9 13 8 10 - 10 mm

16 6 - 6 30 28 - 15 16

17 3 3 4 13 8 - 20 h0
18 4 4 6 3 3 13 14 -
19 - 3 7 5 2 - mm■ -
20 10 4 4 - 2 19 - -
21 10 3 - - mm 8 - -
22
23

*•
—

5
mm

6
—

mm

2 4
25
26

Mean Depth

- - - •m - - - -

17*13 15*70 16*66 16*32 16*36 19*62 16 »71
mm

16*66
Varionoe 13*78 13*31 7*31 1 *74 1*47 1*39 1 *04 0*23
Intensity 0*204 0*179 0*107 0*026 0*020 0*018 0*012 0*0024



(89)

T A B L E  I X

GLASSES 1 AND 2

Initial Distribution - Denser glass on the bottom 

Stirrer - Disc with blade

Speed - 20 r.p.m.

Depth of 
etching in 
fringes

100 400
Frequency

800 1000 1200
revs revs revs revs revs

10 - - - mm

11 1 - - -
12 11 - - - -
13 23 6 - mm mm

14 3 5 6 - -
15 - 10 9 - mm

16 4 8 29 - -
17 - 4 13 - 4
18 9 3 1 6 28
19 - 5 - 10 35
20 8 6 mm- 27 mm

21 - - - 20 mm

22 - 5 mm - mm

23 - 2 - -
24 - 3 mm - mm

25 16 - - - mm

26 - mm - mm

Moan depth 18*19 17*0 16*80 19*97 18*46
Variance 43*1 11 »60 1 »80 0*85 0*38
Intensity 0*62 0*17 0*027 0*011 0*004£
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Initial Distribution - Denser glass on the bottom 

Stirrer - Complex Disc 

Speed - 20 r.p.m.

Frequency

T A B L E  X

GLASSES 1. ill® 2.

Depth of 
etching in 100 too 800 1000 1500
fringe revs revs revs revs revs

10 6 * « • - - -
11 2 - - mm

12 7 - - - -

13 3 ~ - - mm

14 - - - mm

15 - - - -
16 - - - - -
17 5 17 10 7 9
18 2 13 30 29 25
19 1 6 mm - -
20 10 4 8 12 10
21 10 4 - - -
22 3 - - - -
23 1 - - - -
24 6 5 - -
25 - 10 7 12 12.
26 - - - - mm

Mean depth 17*10 19*71 19*50 19 70 19*50
Variance 13*72 9*80 7*5A 7*32 7*20
Intensity 0*20 0*14 0*11 0*105 0*10
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EFFECT OF SPEED 
(Constant Revolutions)

CLASSES 1 AND 2

Initial distribution - Denser glass on the bottom 

Total revolutions - 1200

T A B L E  X I

Stirrer - Plain Disc

Depth of 
etching- 
in fringes

10

20
r.p.m.

10
r.p.m.

Frequency
60

r.p.m.
100

r.p.m.
120

r.p.m.

M»

11
12

- - -
mm

13 - - - mm -
il­ - - - - -
ls 15 - - - -
16 - 5 - M » -
17 - 3 5 - -
18 25 15 20 - -
19 - 5 13 - -
20 12 20 10 16 25
21 - - mm 25 20
22 - - 12 14 10
23 - - - - -
24 10 10 - - -
25 - - - 2 -
26 - - ** - -

Mean Depth ie*6i 19 *7 19*34 21 *0 20*7
Variance 8*7 5*38 2*65 1 *06 0*55
Intensity 0*13 0*080 0*010 0*015 0*0075
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EFFECT OP SPEED 
(constant tine)

GLASSES 1 a*ID 2

Initial distribution - Denser glass on the top 

Stirrer - Disc with blade 

Total tine - one hour

T A B L E X I I

Depth of 
etching 20 40

Frequency
60 80 100

in fringes r.p.m. r.p.m. r.p.m. r.p.m. r.p.m.

10 - - - - mm

11 - - - - -
12 - - - - -

13 - - - - mm

14 - - 11 - -

15 10 mm 41 mm -
16 15 8 - 6 5
17 20 39 - 10
18 14 3 mm 12 6

19 - - - 3 -
20 - - - - -
21 - - - - -
22 - 1 M» - -
23 - - •■» - -
24 - - - mm mm

25 - 10 6 - mm

26 - - - - -
Moan Depth 16*71 18*31 15*84 17*38 17*02
Varianoo 1 *04 9*37 9*48 0*82 0*20
Intensity 0*014 0*140 0*141 0*0112 0*0019
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EFFECT OF SPEED 
(Constant Revolutions)

GLASSES 1 AND 2

Initial distribution - Denser glass on the top 

Stirrer - Diso with blade 

Total revolutions - 2000

T A B L E  X I I I

Depth of 
etohing 
in fringes

20
r.p.m.

40
r.p.m.

Frequency
60

r.p.m.
80

r.p.m.
100

r.p.n

10 - - - - -
11 - - - - mm-

12 - - - - -
13 - - - - -
14 - - - -
15 - - - - -
16 - 8 7 10 mm

17 50 39 37 ¿42 -
18 — 3 11 2 5
19 8 - - - 30
20 6 - - - 20
21 - - - - mm

22 - - - - mm

23 - - - mm

24 - - mm mm- Ml

25 - 11 - - -
26 - - - - pm

Mean Depth 17*48 18*36 17*07 16*89 19*27
Variance 0*99 9*88 0*32 0*18 0*40
Intensity 0*0138 0*147 0*0039 0*0015 0*00^
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T A B L E  X I V

Revolutions Mean
Depth

Standard Group 
Deviation Mean

Mean
Standard
Deviation

Notea

Glasses - 1 & 2 50 17*05 5*65 Outside 5/'oLioit
Denser glass on 100 15*54 3*94 —

top 200 17*00 3*51 16 *17 2*91 Outside 5% Lixà.t
Stirrer - ADO 16*08 2*34 -

Plain Disc 800 15*84 1*34 mm

1200 15*50 0*72 Outside 0*f£linit

(Hasses - 1 G 2 50 19*10 7*51 Outside
Denser glass on 200 16>50 6*50 Outside 5/S4bait

bottom ¿+00 17*80 4*88 17*84 4*93
-

Stirrer - 800 17*03 4*07 mm

Flain Diso 1000 18*02 3*70 -
1200 18*61 2*94 mm

Glasses - 1 & 2 100 17*1-3 3*70 mm

Denser glass on 200 15*70 3*64 Outside 0*f'ilimit
top 400 16*66 2*70 -

Stirrer - Diso 600 16*32 1 *31 16*89 1 *98 Outside 5i4Limit
with blade 800 16*36 1 *21 Outside 5/^Linit

1000 19*62 1*79 Outside 0*1i'limit
1200 16*71 1 *01 -
1500 16*66 o*i+8 mm

Glasses - 1&2 100 18*19 6*56 •
Denser glass on ¿+00 17*0 3*40 Outside 0*1̂ ; limit

bottom 800 16*80 1*34 18*10 2*57 Outside Oblimi t
Stirrer - Diso 1000 19*97 0*92 Outside 0*fäimit

with blade 1200 18*1+6 0*62 ***■

Glasses - 1 & 2 100 17*10 3*70 Outside 5ff4imit
Denser on bottom ¿+00 19*71 3*13 -
Complex Diso 800 19*50 2*74 19*10 2*99 -

stirrer 1000 19*70 2*70 mm

1500 19*50 2*68 -
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