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In this study the contracting sphere equation is applied to the case of oxygen 

bubbles in molten glass_ It is confirmed that in the cases studied for a freely moving 
bubble in the temperature range 9504300°C the mechanism is isokinetic and reduced 
time piots indicate that the contracting sphere equation provides a very good deserip- 
tion of the experimental data_ The activation ener_jz for the process is 202 W mol-X_ 

INlRODUCnON 

Attempts to follow the kinetics of bubble contraction of gases in mohen gia& 
have been made by Greene and co-workers’4, Doremuss, F&chat and 0e16e7, and 
Nemecs-lo, involving stationary bubbles, and part of Nemee’s study reported the 
use of equipment in which freely moving bubbles were observed. 

In the case of a contracting bubble in a stationary bubble experiment there 
will be a concentration gradient as one considers positions removed from the surface 
of the bubble, whilst such a concentration gradient will tend to be minim&d or 
absent in the case of moving bubbIes_ Some of the above authors have reported their 
experimeuts in terms of a parabolic diffusion law, whilst others reported a linear 
variation of bubble diameter with time. 

In the work reported here the data r,n bubbIe contraction are first tested to 
indicate that it is isokinetic over the temperature rauge studied_ The contracting 
sphere equation is shown to apply and the activation energy for the process established 

ExPERlbENrAL. 

A soda-limeea glass was used and the gas was oxygen supplied from a 
cylinder. 
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Tht apparatus is shown diagrammatically in Fig- 1_ Each section wili now be 
dcscrii 

Fis 1. Appamus for study of bubble growth and dtxay- 

CizpiZbzry_ SingIe bubbles were introduced into the melt from a platinum-IO% 
rhodium tube of 0.5 mm internal diameter and O-5 mm walI thickness which was 
supported along most of its length by an alumina sheath which was GrmIy clamped 
at the top_ 

The inlet gas was admitted to the capillary tube into the glass melt from a 
standard cyiinder via a two-stage regulator_ The pressure was measured by an oil 
manometer- 

Cnrci6le. The melt was contained in a Morgan XN50 alumina crucible in the 
bottom of which a hole 16 mm diameter had been drilled, A circular synthetic 
saipbire window 25 mm diameter and 2mm thick was sealed on by means of 
sprayed alumiua using the Rokide process, The finished crucible was mounted on a 
refiac$ory pedestal in the centre of the vertical tube furnace- 

Furnace and rmperazzue wnrrd The tube &mace was a normal cylindrical _ 

furnace with a platinum/rhodium winding- The ends were closed with silica sheet of 
optical quality to min&isc optical disturbance due to convection currents in the air_ 

The controi thermocouple was used with an Ether Transitrol saturabIe reactor 
controller v&&b inaxporates cold junction compensation- Control was continuous 
and being stepIess was very smooth. 
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Optical sy~lem, The black body radiation from the crucible within the temper- 
ature range studied was quite appreciable, and even with mercury vapour Iamp 
iIIumination would have been very much impaired without a suitable filter. An 
interference fiiter passing the green line at 546.1 nm of the mercury vapour spectrum 
was used. The use of monochromatic light had a further advantage; viewed through 
the molten gIass the bubble appeared as a virtual image, the position of which 
depended on the refractive index of the glass which changes with wavelength, and 
with the filter a much sharper image could be obtained_ 

At the bottom of the furnace a stainless steel mirror reflected the light along a 
horizontal bench through an objective, iris diaphragm and interference filter on to the 
viewfinder of a 35 mm refIex camera with normal lens removed_ The opticaI system 
was adjusted to give a 5 x magnified image on 35 mm film_ The optical system was 
enclosed to enable photographs to be taken in daylight The photographs couId be 
projected on a rigid screen for bubble diameter measurement. 

Procedure 

The crucible was Ioaded with smaI1 pieces of glass and installed in the furnace. 
The temperature was ahoued to rise under control to 1050°C and this tempcraturc 
maintained until any entrapped gas bubbIes disappeared and the melt was dear_ The 
platinum-rhodium capiIIary tube was then mounted in position in the crucible and 
connected to the gas cylinder to be used_ The system was gushed out with the gas and. 
as soon as the mercury vapour Iamp had been adjusted for maximum illumination 
and the chosen temperature reached, any air entrapped in the length of capi1hzr-y tube 
immersed in the molten g&s was removed by blowing a huge bubbIe through the 
melt, SingIe bubbles of the gas to be examined were then blown and detached from 
the capillary tube_ For each experimental run the bubble was introduced at X050- 
1 IOOT and the temperature raised to tbat required and then maintained constant_ 

Once a bubbIe had been obtained it was photographed at intervals of time and 
the times were noted. Due to movement of bubbIes through the meIt, the position 
of the image constantly changed and for each photograph the camera position was 
adjusted to obtain the sharpest image- Each bubble was observed for as Iong as 
possibIe_ The observation time depended on the bubble sire and aiso the temperature_ 
The smaller the bubbIe and Iower the temperature the longer was the time for total 
observation, The observed quantities during each experimental run were: 

(a) the objective-image distance s (cm); 
(b) the projected image diameter d (cm); 
(cj the time the bubble had been in the melt. 
If the focal length of the camera Iens isfcm the true bubbIe size is given by the 

expression 

D 
df 

= m(s-j) 

where m is the magnification of the system, 
. 
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Figure 2 indicates t&al ijots of bubble diameter a&&t time. On the scale 
on which this appears the relationship is a~proximateiy linear. On the same scale, 

datzt of Greene et al-l4 is also linear and oth& investi@ions6-8 have established a 
similar bcbaviour. The data .&ported here Werk cokcted iit te&eratures ‘of 9s 
13OO~C The data werereplotted on a rednazd time Scale (Fig_ 3) In this diagram the 

O-is r&resented by the fractional volume contract& a and the &cissa by 
fj~~_~, where I Was reamied and t0_5 the time when a = OS. 

- --------_ ____ 900. 
-_--_ _ 
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Fig. 3. Rcdnaxi time plots for oxygen bubbks in soda&me glass Eqmimam vxrc carried out at: 
0.9SO’C; l , 1000eC; A, 1100%; v. 1200-C; and Cl. 1300°C 

aisgiveuby 

where V- = the initial volume of the bubble; 
v, = the vohme at time f; 
v, = the final or residual volume. 

The common curve that results indicates that over the temperature range 
investigated (9%13OOT) the behaviour is isokinetic and the theoretical line drawn 
on the graph indicates that it matches, very closeIy, the expected behaviour attribut&d 
to a contracting spherP, viz 

1-(1-a)‘” = kg 



IreI* of advance of interfact (assum ai constant); -- 
initial radius of sphcrid bubble (the radius is used ha-e and not the 

_ 
dwneter bccanse most qgoted uses of the contracting sphere equation use 
theradiustum)_ 

DISCUSSlON 

The resu.Its shown here prestnt a diffkrent treatment from those usuaUy given 

for Amy bubbles of gas in a’giass melt, but the experimmti data are very 
sim3a.r and it is shown here that other data coikctcd Corn published work are 
~~‘~t6t~~~~Thiscanbeillustratedbyan~onoft6ecurves 
for oxygen bubbles shown by Greene and Kitano’- These indicate a reasonably 
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linear plot of bubble diameuzagainst time although a dependence upon the square 
root of time is used_ This is because the data are always presented as a plot of bubble 
diameter against the square root of time and the actual experimental data of bubbIe 

diameter against time is rarely quoted. On the basis of the square root of time pIots, 
Green and Kitano state that, after a period of sIow absorption ___ the diameter 
decrease linearly with the square root of time’_ The act& experimental plots 
obtained by Greene and Kitano and referred to in the above quotation can be 
recalctdated and plotted as bubble diameter against time and are shown in figs_ 4 and 
5. These show quite cicariy that the initial rate of decrcasc of diameter is no smaher 
than the subsequent decrease and in some cases it is marginally faster- 

The problem of the kinetic decomposition of a solid is one of a changing inter- 
face and has some similarities with the changing dimensions of a bubble in mohen 

gl=- 
The kinetics of a solid state decomposition are largely governed by the geometry 

of the reaction interface and by the diffusion of material up to and away from the 

Fis S_.Dara from Greene and Kirano’s work2 on oxygen bnbbks in barium aiumininm alkaIi 
silicate glass- RcpIottai as diamctu of bubble against time- Three bubbles at f2OO’C 



ir.mrf?m An almost si&a~_tre&nent could be made rega&ing t&e’&an&g 
dimensions of ti bnbbIe in molten glass, It is worthwhiIe the&o&, to look at the 
equations put forward for soiid st+e decompositions and how far they may be 4. 
in the case of a bnbbIe in molten glass_ The problem is very IargeIy one of resognising 
the approp@te kinetic equalion to use, This has been descrii by Sharp et aI.12 
using the concept of reduced time_ 

The kinetic relationship is first expresed in the form 

F(a) = ti 

whaeaisthefracb’onoftheprocessthat~~place,a;ldhasalimitingvaIue 
when completed of unity, and t is the time_ 

The time scale is aItered so that the diction F(a) becomes 

F(4 = A(tfto_s) 

where to_5 is the time of 50% completion of the process and A is a csIcuIabIe constant 
depending on the form of F(a)_ This reduced time (tlfo_5) is a dimensionless quantity- 

The in&Ace is changing an& on the assumption that the process is phase 
boundary controlled and the shape of the bubbIe is spherica& then the contracting 
sphere mechanism might be expected to apply_ If the radius of the bubble was initially 
r and the constant velocity of contraction was o then from this model 

. 

On this basis of representation a first order decay Iaw takes the form 

F(a) = In (1 -a) 

= kt 

= -0-693 (tit,_,) 

If diffusion processes pIayed an important part in determining the kinetics of 
the bubble contraction then this would be reflected in the form of the kinetic 
expression_ There are several expressions to choose from but the Jander equation 
recognises the combined presence of difGsion and changing interface for contracting 
spheric4 surf&es and takes the form 
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!f’o use Sharp's technique for establishing the kinetics one has first to show that 
behavionr is isokinetic. This is established by inspection of Fig. 3 where all the 
experimental poiuts lie dose to a common curve. The theoretical data from the 
various expressions GUI also be represented on the same graph and the experimental 
points in Fig 3 are seen to chrster around the Line representing the contracting sphere 
modeI. This is not an exceptional case, for reduced time plots for stationary oxygen 
bubbles in a soda-lime glass and in a barium aiuminium a.ikaIi silicate meIt obtained 
from the experimental curves of Greene and Kitano have aiso been constructed- 

Similar plots have been made for contracting bubbles contaiuing helium and 
neon from data published by F&chat and 0e16g7 and these are shown in Fig 6. These 
data followed the contracting sphere mechanism but the data of Greene and Kitano, 
shown in Figs_ 7 and 8. fohows CfoseIy that expected for a first order decay mechanism. 

It must be emphasised that the expwimental data reported in this study obeyed 
the contracting sphere equation, which indicates a rate process, which is a phase 
boundary controlled process and not a dif&sion controki process- Furthermore, 
the difference between the contracting sphere reIationsbip and the first order decay 

Fig. 6. Data from Frischat and Oci’s W&P-~ on helmm and neon bubbks in molten &ass- PIott& 
as a rcduad time plot 0, HcIium babbles at IOO2”C: 0, neon Subbks at 1143’C 



,34 . ..’ 
.- 

process is very smalI for values up to 0.65,‘Both G&en& a&i Kitano and F&&at and 
Oel were stnciying stationaxy babbles as opposed to the mov@g bub!ies stiidiecl htrc, 
However, F+hat and Ocl dtgassed their glassed prior -to the experiments .wgereas 
Greene and Kitano did not, It is therefore possibIe that Greene and K&no’s expcri- 
mcnts were carried out in a _g?ass already containing dissokd oxygen, whereas the 
degassing process would have removed the gases in the experiments of Frischat and 
&I_ It CU.P be tentatively suv that’the work of Greene .and Kitano shows a 
first order decay relationship because the bubble contraction is becoming infhxenced 
by diffkion but the non-agreement with the Jander equation would indicate that the 
process is not rate-controkd by a diffusion process- 

The implication of gas bubble contraction obeying the contracting sphere 
modei is simpIy tbat the rate of contraction s;S determined by phase boundary 
conditions and not by diffusion processes. 

Iheactivationenergyforthisprocesscanbeestablishedfromtheseexperiments 
to be 202kJ mol-‘_ The activation energy cahhted by Greene and Kitano is 

255 kJ mol- I_ However, the~y appear to have based their calculations on the rate of 

d 

Fis 7. Data from G- and Kitarm% work= on ow bubbks in soda-?imc glass Plot@ as a 
Iainced time pIot 0, Expaimcnt at 13oo’C; 0, expainacnt at IZOO’C- . 
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Fig 8_ Data from Greene and ICitaixo’s work2 on barium aluminium alkali Silicate glass at 1200°C. 
Plotted as a reduced time plot 

change of diameter whereas the activation energy calculated here is based on the 
rate of change of materiaI involved, i.e., rate of volume change in the bubble. 

coNcLusloNs 

It has been shown that in the case studied for a freely moving oxygen bubbie 
in the temperature range 95&13OO”C the mechanism is &kinetic and reduced time 
pIots indicate that the contracting sphere equation provides a very good description 
of the experimental datz This impks that the rate of bubble coufsction is a phase 
boundary controlled process and not a difkion process. The activation energy of 

bubble contraction can be cakukted to be 202 kJ mol-‘- 

This paper is published with the pexmision of the Directors of Pilkington 

Brothers Limited and TX D. S_ Oliver, Director of Group Research and Tkvelop- 

ment. 
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