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Abstract - A model has been developed for the prediction of bubble departure radii from flat solidification 
interfaces, including the effect of thermocapillary forces. Under normal gravity conditions, the necessary gas 
bubble radius required for departure from a CBr, solidification interface is predicted to be approximately 
l/2 mm in agreement with measured values. Under microgravity conditions, however, where surface forces 
predominate, the model predicts a seemingly prohibitive value of 40 mm. This result is at least in agreement 
with the microgravity tests conducted on the NASA SPAR I and SPAR III sounding rockets [l] where the 

bubbles were not larger than 2mm in radius and no bubble detachment was observed. 

NOMENCLATURE 

$?I, 
force [N] ; 
geometric function defined by equation 

8% gravitational acceleration trn s- ‘1; 

L unit vector in z-direction [m] ; 

K,* constant defined by equation (16); 

M, molecular weight ; 
p, pressure [Pa] ; 
R, radius [m] ; 
T, temperature [K] ; 
t, time [s]; 

V, volume [m3] ; 
0, velocity [ms-‘1; 

Z, coordinate direction [m]. 

Greek symbols 

BY contact angle, defined in Fig. 1; 

8 coordinate angle, defined in Fig. 2; 

PY density [kern-‘1; 

c, surface tension [N m- ‘1; 
49 coordinate angle, defined in Fig. 1. 

Subscripts 

dep, departure ; 
G, gas ; 
Q* gravity ; 
L, liquid ; 
4 normal ; 
S, surface ; 
t, tangential; 

Z, coordinate direction. 

(22) ; 

INTRODUCTION 

THE PRESENCE and behavior of bubbles in a melt is of 
great concern in many areas of materials processing. In 
such operations as metals casting, glass founding and 
crystal growth, the presence of bubbles is undesirable; 
their size and distribution negatively affecting proper- 
ties and appearance. 

Bubbles are normally removed from a melt by 
buoyancy forces which cause them to rise to the 
surface. If they originate at the solidification interface, 
sufficiently huge removal forces must be available to 
prevent incorporation into the solid. 

Under microgravity conditions (such as encoun- 
tered in the NASA space processing program) the 
environment is unique in that surface, rather than 
gravity forces, predominate. Thus the major removal 
force (buoyancy) is drastically reduced while the major 
attachment force (surface tension) remains largely 
unaflected. To compensate for the reduction in magni- 
tude of the buoyant force, it may be possible to utilize 
thermocapillary convection as a removal mechanism. 
By imposing a temperature gradient on the gas-liquid 
interface, the surface tension is caused to vary and 
surface flows occur in the direction of increasing 
tension. The reaction force in turn causes the gas 
bubble to move in the opposite direction, i.e. in the 
direction of increasing temperature. 

The objective of this analysis is to obtain an estimate 
of the gas bubble radius required for departure from a 
solidification interface under both normal and micro- 
gravity conditions in the presence of thermocapillary 
forces. 

*On leave from Clarkson College, Potsdam, NY 13676, 
U.S.A. 

ANALYSIS 

The model is shown in Fig. 1. It is assumed that the 
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ho. 1. Model of bubble at solidification interface. 

solidification surface is planar and that the gas bubble 
is a portion of a sphere. All symbols are defined in the 
nomenclature. 

The equation describing the upward motion of the 
bubble is 

CF* = $(P&U + 1/2P,W, 

where the added mass term l/2 pLVGu represents the 
momentum of liquid accelerated with the gas bubble. 
The forces F, acting on the bubble include the normal 
and tangential forces (F,, and F,,) exerted at the 
gas-liquid, gas-solid interface; the surface tension 
force (F,) acting at the triple interface; and the 
gravitational force (FNS) acting on the mass of the gas 
bubble. 

Departure criteria 
Bubble departure will occur when the bubble,is of 

such size that the detachment forces just become equal 
to the adherent forces At this condition the bubble 
acceleration is zero and equation (1) reduces to 

ZFz 1 hap. = 0. (2) 

Norm01 force 
The magnitude of the normal force acting at a 

differential area of the gas-liquid interface is 

W(pO 2a -pgRcose+-jr R2 sin0d@d& (3) 

where PO is the static pressure in the liquid at the level 
z = 0, pdR cos 0 is the hydrostatic head relative to the 
level z = 0, and 2cr/R is the normal component of the 
surface stress. 

The component of the normal force in the upwards 
direction is 

F,* = L-F, = - )F,)cos& (4) 

Thus over the entire gas-liquid interface 

F,, = - 

-plsRcose+g > R2 sin0 cosededb. (5) 

For a sphere completely surrounded by liquid, the 
integral involving PO vanishes identically. Further, for 
uniform temperature, the integral involving 2u/R also 
vanishes. The remaining integral yields the buoyant 
force of the liquid on the bubble. In this problem 
however, the bubble is only partially surrounded by 
liquid and the temperature is to be assumed non- 
uniform. As a result neither of the above mentioned 
terms will vanish upon integrating. 

The remaining portion of the bubble surface to be 
considered is that in contact with the solid. Here it is 
assumed that the solidification surface exerts an 
upward force on the bubble, equivalent to the force 
exerted downward at the surface by the gas, i.e. 

1 

Fnz = PCj,nRz sinZb, ’ (6) 

where 

PGl*=: p,,,+~~P,-p~RcoseI,~._,+~ 

=P,+p~Rcosfl+~, (7) 

so that 

Fn, = PO + P&R cos/I + 2 
> 

nRz sin’ B (8) 

and the total z-component of the normal force exerted 
on the gas bubble is 

F n. = PO + pdR cos /I + % 
> 

nRZ sin’ /I 
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2n n-8 

-If ( PO 0 0 
-pLgRc0s19+~ 

> 

xR2sinB cos0dBdd. (9) 

Upon integration of equation (9), PO will vanish as 
expected; the terms involving p,,gR will yield the 
buoyant force, and the terms involving the surface 
tension will yield an additional force acting in the 
direction of increasing temperature. Here it is assumed 
that the imposed temperature gradient is normal to the 
planar solidification interface. 

Tangential force 
The magnitude of the tangential force acting at a 

differential area of the gas-liquid interface is 

(10) 

where (l/R)(da/d@ is the tangential component of the 
surface stress. In this analysis, the interface is assumed 
to be free of impurities so that the ‘friction drag’ is zero. 
The force 1 F, 1 given by equation (10) causes a flow of 
liquid at the interface in the direction of increasing 
tension. Because there is no shear or resisting force to 
this interfacial flow, a reaction force is exerted on the 
bubble causing it to move in the opposite direction. 
The z-component of this force is given by 

F,, = & . F, = ( F, I sin 0, 

so that for the entire surface 

(11) 

2n 

Sf *-@ 1 do 
F I* = E zR2 sin20df?d4. (12) 

0 0 

Surface force 
The z-component of the surface force at the triple 

interface includes only the liquid-gas surface tension, 
and as illustrated in Fig. 2 is given by 

F,s = - 27rRa, sin2 8, (13) 

where 0, is the surface tension evaluated at the 
temperature of the solidifying interface. 

Gravity force 
A downward directed force is exerted on the bubble 

FIG. 2. Surface force at triple interface. 

mass by the existing gravitational field and is given by 

RN. = - PGgVG = - faR3 pGg(2 + 3 cos/!I - cos’fl). 

(14) 

Temperature ,jeld 
A linear temperature profile is assumed to exist in 

the liquid phase, increasing in the positive z-direction 
from the known temperature T, of the solidifying 
interface and having a prescribed temperature gra- 
dient dT/dz. Thus 

dT 
T= K + R(COSfi + COSo)z. (15) 

The surface tension is assumed to be a linear function 
of temperature having a known value of e, at tempera- 
ture T, and a temperature coefficient given by the 
E&v& equation 

da 
--K,; 

0 
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dT- 
= constant. (16) 

Hence 

Substituting for T from equation (15) 

dTda 
cT=u,+R(c0s/?+cos8)--. 

dz dT 
(18) 

With equation (18), the z-components of the normal 
and tangential forces may be integrated [equations (9) 
and (12)] to yield 

and 

F,z = - $nR2 (2 + 3 cos/I - cos3 j?)zFT. (20) 

It should be noted that u decreases with increasing 
temperature so that du/dT is numerically negative. 
Thus the elfect of surface tension variation in both the 
normal and tangential terms is to provide a force 
tending to remove the bubble from the surface. In 
equation (19), the mechanism is analogous to the 
variation of hydrostatic head around the bubble 
surface producing a buoyant force; i.e. the variation in 
‘thermocapillary head’ also produces a buoyant force. 
The force given by equation (20), as explained earlier, is 
a reaction force resulting from a surface tension driven 
surface flow. 

Departure radius 
Substituting equations (13), (14), (19) and (20) into 

equation (2), there results a quadratic equation for the 
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departure radius whose solution is 

R dep = 

dPL - PG) 

1 , 
(21) 

where 

f(B) = 
sit? /I 

2 + 3 cosfl- cos3B’ 
(22) 

Under microgravity conditions, substitution into 
equation (2) yields a linear equation for the departure 
radius whose solution is 

3 a,f (8) 
R,i.pIp=~ = - id~da. 

-- 
dr dT 

(23) 

DlSCUS!SlON 

The interaction of bubbles with solidification in- 
terfaces has been studied experimentally by Papazian 
and Wilcox under both normal and microgravity 
conditions [l]. Carbon tetrabromide, previously satu- 
rated with nitrogen was directionally solidified using a 
gradient freeze technique; the gases being rejected at 
the solidification interface. In the normal gravity tests, 
bubbles were observed to detach from the interface 
and rise to the top of the melt, yielding a specimen 
generally free of large voids. Bubble radii of the order 
of 0.5 mm at detachment, were measured [2]. In the 
microgravity tests conducted on the NASA SPAR I 
and SPAR III sounding rockets, no bubble detach- 
ment was observed and the resulting specimens con- 
tained large voids. 

A test of the equations developed in the analysis 
section is to first compare the departure radius pre- 
dicted by equation (21) with the normal gravity value 
of 0.5 mm, using parameters equivalent to those in the 
actual experiments. These were 

dT 
-=5OOKm-i, T,=363K, 
dr 

(24) 

g = 9.8msm2, /3 = irad. 

It was not possible to measure the actual contact angle 
(/I), however the chosen value seems reasonable as a 
melt would be expected to wet its own solid phase. 
Perfect wetting would yield /3 equal to 0 and absolute 
non-wetting would yield fl = II rad. Pertinent physical 
property data for carbon tetrabromide are listed 
below. 

1. Surface tension [3] 

u = 62.2 - 0.109 T, mN m- I, 

T in K. 

(25) 

2. Temperature coejicient of surface tension 
By differentiating equation (25) 

da 
-3:- 0.109mNm-iK_‘. 
dT 

3. Liquid density [3] 

pL = 3828 - 2.173 T, kg rne3, 

T in K. 

(26) 

The density of nitrogen gas at 373 K and 0.1016 MPa 
as calculated from the ideal gas law is 0.94 kg me3. 
Substituting into equation (21) 

R drp = 

- 0.019kgm-1s-2 + [0.0119 + 255]1,2 kgm-‘se2 

29800kgm-Zs-2 

R dep = 0.00053 m = 0.53 mm. 

The departure radius is tabulated in Table 1 and 
plotted in Fig. 3 as a function ofcontact angle. It is seen 
that any moderately non-wetting contact angle (e.g. 
n/9 to 2n/9rad) is in reasonable agreement with the 
experimental value, however the choice of x/6 radians 
seems to be a reasonable one. 

Under microgravity conditions the departure radius 
is given by equation (23), which for the parameters of 
(24) becomes 

Rri,l,=o = 
3 x 22.6mNm-’ x0.0633 

- 

&~IO=O = 0.0394 m = 39.4 mm. 

The microgravity departure radius is tabulated in 
Table 1 and plotted in Fig. 4 as a function of contact 
angle. If the contact angle of n/6rad is a reasonable 
one, gas bubbles formed at a solidification interface 
(and in contact with that interface) would have to be 
much larger than experimentally observed (R < 2 mm 
[l]) in order to depart from the surface. 

Increasing the temperature gradient is a possible 
means for reducing the departure radius, however a 
reduction to approximately 2mm would require in- 
creasing the temperature gradient to 10000K m-i 
(100 C cm- ‘), a value which seems prohibitively large. 

It appears than, that the only reasonable means for 
causing bubble departure under microgravity con- 
ditions where the bubble is in actual contact with the 
surface, (other than introducing artificial gravity fie- 
lds), is to reduce the contact angle. This is done 
primarily by minimizing impurities in the system. 
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Table 1. Departure radius as a function of contact angle 

Contact 
angle (8) 

(rad) 
f(B) 

[equation (22)] 

Departure radius Departure radius 
at normal gravity at zero gravity 

[equation (21)] [equation (23)] 
(mm) (mm) 

9d2 0.5000 1.504 311 
4x/9 0.3855 1.320 240 
7n/l8 0.2957 1.156 184 

xi3 0.2222 1.001 138 
Sx/iS 0.1602 0.850 99.6 
2x19 0.1074 0.694 66.8 
n/6 0.0633 0.533 39.4 
n/9 0.0293 0.361 18.2 
x/l8 0.00754 0.182 4.7 
x/36 0.00190 0.089 1.2 
0 0 0 0 

x/6 n/3 nt2 
/ 

1 
1 
2.0 

p, radtam p, radmns 

FIG. 3, Normal gravity departure radius as a function of FIG. 4. Zero gravity departure radius as a function of contact 
contact angle. angle. 
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RAYON DE BULLE SE DETACHANT D’INTERFACES DE SOLIDIFICATION 

RCsPme- Un mod&e est ilabori pour la determination du rayon dune bullc se. detachant d’un interface plan 
de solidification, en tenant comptc de I’effet des forces capillaires. Sous les conditions ordinaires de pesanteur, 
le rayon d’unc bulle de gax correspondant au detachement d’interface de solidification CBr, est evalut a 
environ 0.5 mm, en accord avec les mesures. Darts les conditions de pesanteur faible, lomque Ia forces 
capillaires pr&dominent, Ie modele prodit la vakur apparemment prohibitive de 40 mm. Ce r&t&at serait en 
accord avec les essais en microgravitt conduits sur NASA SPAR I et SPAR III[l], pour lesquels les buttes 

avaient un rayon n’exc&iant pas 2 mm et pour lesquels aucun ditacbement n’a Itt observe. 

H.H.T. 23/2-G 
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BLASENABLt)SERADIEN AN ERSTARRUNGS-GRENZFLjiCHEN 

Zusammenfusung - Es wurdc ein Model1 zur Berechnung der Blasenabliiseradien an einer ebenen 
Grenz&he beim Erstarren entwickelt, das den EinlIuB von thermischen KapiUarkr%ften beriicksichtigt. 
Unter dem normalen EinfluB da Schwerkraft ergibt sich der zur Abliisung erforderliche Blasenradius an 
einer Erstarrungsgrenzthiche aus CBr, in Uhereinstimmung mit MeBwerten zu ungefahr 0,s mm. Unter 
Bedingungen sehr geringer Schwerkraft jedoch, wenn die OhertIiichenkriiRe vorherrschen, licfert das Model1 
anscheinend einen sich verbietenden Wert von 40 mm. Immerhin ist dieses Ergebnis in Uhereinstimmung mit 
den Versuchen hei Schwerelosigkeit, die mit den NASA-Raketen SPAR I und SPAR III durchnefiihrt 
wurden, hei denen der Blasenradius zwar nicht gr6Ber als 2mm war, aher such keine Blasenat&%ung 

heobachtet wurde. 

PAflMYCbI OTPbIBA IIY3bIPbKOB HA IIOBEPXHOCTRX 3ATBEPAEBAHWI 

AHROTU~YP - Paspa6oraHa Monenb MR pacsi(ra PaJlHyCOB 0~pbf~a ny3btpbxoe na nnocxnx noeepx- 
HOCTKX 3aTnepnesaiiHn npH yvZTe TepMoKanwuwpHblxcwr. B pe3ynbTaTe padTa noKa3aHo. 9~0 np~ 

HopManbHok rpaBHTauwi pamyc ra308oro ny3blpbra. Heo6xonsibwii mn o~pslea OT 3aTBepneBa- 

IOlUeii nOBepXHOCTH H3 CBr,, cocTasnKeT npwepH0 I/2 MM. ST0 coBnaLLaeT c H3rdepKeMbwH 3Haqe- 

HtiIIMH.OAHaRO BycjloBHnx cna6oii rpaeifraumi, Korna npeo6nanafoT noBepxHocTHbIecfuIbI, MOAeJIb 

IlKiT Hepea.iTbHOe 3HaSeHHe paLlHyCa B 40 MM. 3TOT WyJlbTaT COrJIaCyeTCK C pe3yJlbTaTaMH OnbITOB 

no cnadoi rpaBHTauHH, npoeeneHHMx HaUHOHaJIbHbW ynpaeneHHeM no a3ponaernxe H HccnenoBa- 
HWlO KOCMHWCKOrO llpOC-rpaHCT&l C llOMOLUbIO PEiKCT C TCnCMCTpWlCCKOti NlIlapaTy~Fi CfIAP I H 

Cl7APIII.B 3~~~OnblTaXpa~~y~ny3b1pb~OBHe npeBbnUan 2 MM,I 0~pb1~ny3blpbKoB HeHaEinlo&uvzn. 


