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Abstract

We monitored the formation and development of a single gas bubble on the surface of a spherical particle of size 1.676 mm under unidi-
rectional freezing and thawing (4.6-5.0 gshand for the first time quantitatively estimated the force exerted on this particle by measuring
the deformation of an attached elastic stick. The bubble would nucleate and grow on the particle surface closest to the ice front, while the
force curve for a freezing—thawing cycle presented a hysteresis characteristic. This force was much greater than in the case without a bubble
and hence it dominated the engulfment process in the present freezing tests. The bubble force increased with increasing bubble size and we
shown to be mainly attributable to the elastic force by the deformed bubble shape. Comments were made on the need to incorporate the role
of bubbles in predicting the critical velocity toefeze a suspension with high dissolved gas content.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction face. Bubbles were noted to formthe solid—liquid interface
in systems with high dissolved gas contgr#,16] The con-

When an ice front advances in a suspension containingcentration profile of dissolved gas affects the surface-tension
particles, the ice may repel, pierce, break, or entrap the solidgradient around the surfaces of bubbles, hence affecting their
particles ahead of f1-3]. Uhlmann et al[4] proposed the  entrapment into icg17,18] Experimental observation re-
first systematic analysis on the solid—solidifying front inter- vealed that the gas bubble, once formed, is likely to be
action, demonstrating the existence of a critical velodity ( trapped as a pore in the solid phd36-22] All the work
above which all particles would be trapped in the moving on bubble formation and development at solid-liquid inter-
front, since a liquid bridge was not maintainable between faces considered no presence of a foreign particle.
the particle and the ice front by the surrounding liquid. Other  When ice was developed in a suspension with insoluble
researchers considering particle movement later refined thisparticles and with high dissolved gas content, bubbles would
model [5-7]. The possible effects of process factors such form not only at the ice—water interface, but also on the par-
as thermal gradients and surface energy were considered irjcle surface by heterogeneous nucleation. This (these) bub-
some recent mode[8—14]. ble(s), once formed between the particle and the ice front,

In most natural processes and some industrial applica-would further develop in the concentration boundary layer
tions, dissolved gas is presentin a vast amount in the suspenyf the rejected dissolved gas. No works had considered the
sion. Owing to the very different gas solubilities in the water gje of the gas bubbles formed in the particle engulfment
and ice phases, the dissolved gas tends to be expelled fromyrocess. The measurement of force acting on the particle
the solidifying front and be carentrated ahead of the inter- gy ring freezing and thawing was not reported in the pertinent

literature. In this study, we omitored the bubble dynamics
" * Corresponding author. on a particle ahead of a freezing front and experimentally es-
E-mail address: djlee@ntu.edu.twX.F. Peng). timated the force exerted on the particle by the presence of
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ble was expected to form via heterogeneous nucleation at the
Motor sphere’s surfgce. Hence, for easy observation we needed to
| | /75“0'6, gxpelfmost dt;sstf)t:\l/ed Igafs in t?‘e wateL to prevent th(;a forma-d
tion of many bubbles. Before the test the water was degasse
Water by sonicating for 120 min and then boiling for 60 min. Re-
W peated tests revealed that the residual gas thus left could
kol by produce at most one gas bubble at the sphere’s surface facing
f an approaching ice front (discussed later).
A digital camera, WAT-505EX (Watec, Japan, 1/3 in.,
e 768 x 576 pixels), equipped with a close-up lens was used
to record the stick position. The images, scanned atx/68
576 pixels per frame, were recorded continuously using the
Orine frame grabber (Matrox, USA), sent to a workstation,
and analyzed. The vertical displacement of the stick the
. _ _ ice interface—sphere distan¢k), and the bubble sizé&dp)
Fig. 1. Schematicsf@xperiment setup. were determined with a maximum error of 10 pm.
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a vapor bubble. We noted a significant role of the bubble in

the particle engulfment process. 3. Results and discussion

2. Experimental 3.1. Freezing with bubble: observation

The experimental setup used here resembled the Bridg- Fig. 2shows a typical freezing and thawing test at a freez-
man freezing testel(g. 1), but with a temperature gradient  INd speed of 4.6 puts, with black bars as the 1-mm scales.
along the vertical directiof23]. The sample was immersed Initially the sphere was far away from the ice front of flat
in a freezing pool (HAAKE C35) at-30°C at a prescribed shape (data not shown). As the ice front moved closer to
speed. The test section is a rectangular container made of opthe sphere, owing to the much lower thermal conductivity
tical glass of dimensions 25 cm (lengtk)11 cm (width)x of the sphere compared with the water (0.611rW\K), the
5 mm (depth). Ice was allowed to grow upward with a plain front became concave downwarkiig. 2a) [24]. A bubble
interface along the container's length at a prescribed speedof do = 35 Um became visible at the position on the sphere
ranging from 0.4 to 20 pifs. In this work the freezing speed ~ closest to the ice front at = 135 um fig. 2b). The bub-

(Vi) was fixed at 4.6 pnts. ble had a higher tendency to nucleate at the sphere’s surface

A p0|ystyrene sphere of diamet@]ﬁsl 1.676 mm and den- than at the ice—water interface, as StateElB]. This bubble
sity (ps) 1043.1 kgm? (measured by an AccuPac 1330 den- Kkept growing in size while the ice front touched the bubble
sitometer, Micromeritics, USA) was attached at the tip of ath =dp =88 pm Fig. ). Afterward, the bubble and the
an elastic nylon stick (Sundo, Japan) of diameter 148 pm sphere were both gradually trapped by the ice fréig.(2e),
and length 55 mm, which was firmly fixed at the container’'s With the bubble growing with time and the sphere pushed up-
side wall and positioned normal to the moving direction of ward. Atz > 140 s Fig. Z), the sphere was fixed in space
the ice front (along the container’s widthig. 1). The stick by the ice Fig. 2h).
was coated with an impermeable layer to prevent change of  In the following thawing stge, it was noticeable that a de-
properties by moisture swelling. Within the linearly elastic formed bubble appeared beneath the bubble in the ice, with
regime the stick deformation is proportional to the applied a thawed water layer surrounding the bubl#tég( 2). The
force; that is,Y = (1/E)Fs, whereY (m) is the vertical bubble was of a size 3.5 times that of the one just trapped
displacement of the stick tip (with the sphere). The propor- by the ice inFig. 2d. Therefore, the bubble was able to grow
tionality constantt was estimated before and after the tests even it was trapped in the ice layer, probably owing to the
as 0.0050 Mm. From the manufacturer’s information, the existence of an unfrozen water layer surrounding the bubble
adopted sphere has a thermal conductivity of 0.08{W\K) at least over the first several tens of seconds &igr 2d.
and a heat capacity of 1140(&g K). As the ice gradually thawed, the force exerted by the bub-

A complete test comprised freezing and thawing stages. ble on the sphere could have been so large to make the latter
During the freezing stage, the sphere (with stick) was tracked “jump.” Afterward, the sphere was pushed downward by the
till it was completely trapped by the ice layer. Following the elastic stick with the receding ice froriigs. 2k—2n. Finally
freezing stage, the direction of container movement reversedthe sphere reached a new equilibrium positiorahigher
to pull the container from th&eezing pool. This action in-  than that forFig. 2a. This difference was attributable to the
duced ice thawing at a prescribed speed. Double-distilled extra buoyant force from the big bubble that appeared in
water was the test fluid. During the test a single gas bub- Fig. 2p. When the attached bubble was removed, the sphere
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(d)=30s

{h) =465 s

(e) =70 s (f) =140 s

(p) =638 s

(m) =584 s (n) =614 s {0) =626 s

Fig. 2. Typical freezing and thawing test with bubble nutiga (a)—(h) Freezing stages. (i)—(p) Thawing stages.

was restored to its original position, indicating that the de- versa. The excess pressure thus produced by the “pressing”

formation of the stick was within the linear elastic regime action by the bubble would lower the local freezing point

and the measurement was reproducible. of water; hence the ice gradually formed a cavity to entrap
Fig. 3 shows a magnified version of the data presented the growing bubble Rigs. 3e-3J. This pressure could be

in Fig. 20n how the bubble was entrapped into the ice. The of order 16-10* Pa during freezing. After the sphere was

bubble was nucleated at the sphere’s surface closest to th&ompletely trapped and fixed by the ice, the force would not

ice front (Fig. 3b), which was attributable to the heteroge- increase further.

neous nucleation of vapor by the rejected dissolved gas from

the approaching ice front. The rejected dissolved gas from 3.2. Freezing with bubble: force measurement

the ice kept replenishing the formed bubble to increase its

size. Finally, the bubble and the ice front meig. 3d). Af- The vertical displacement of the stick was estimated us-

terward, the growing ice started to push the bubble, and viceing the images recorded indhtest, from which the force
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Fig. 3. Bubble growth during freezing process: time interval 5 s, cabeir2
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Fig, 2K when the ice met with the spherEig. 2e). Afterward, as
0.32 "

the ice continuously trapped the sphere, the force to push up
the sphere increased in a nearly linear manner and reached a
plateau of 242 x 10-6 N till about 16% of the sphere vol-
ume was trapped by the ick £ —240 um).

sphere-ice | During the thawing stage, as notedFig. , the large
meet, Fig. 2e - bubble formed beneath the sphere would push up the sphere,
/ | reaching a force of 88 x 10°8 N. Afterward, the reced-
——— ing ice front exerted a lower force on the sphere during its
—e— Freezing stage : : ;

Thawing Stage thawing. The action of the big bubble apparently loosened
0.04r VT the local ice structure, whose force on the sphere decayed
0.00 - - - - - > by more rapidly than its buildup in the freezing stage. Finally,

-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 4\ 0.4 .

the buoyant force of the big bubble presented a force on the
v, (-) Ice-bubble stick of 22 x 10~7 N. This occurrence correlated well with
meet, Fig. 2¢ that calculated based on the observed bubble size of 390 pum,
7 . .
Fig. 4. The force—distance curves for the freeze—thaw cycle. Corresponding around 23 x 107" N, C0n5|der.mg that the attached bubble
to data inFig. 2 was not a truncated sphere in shape. Restated, the force—
distance curve revealed a hysteresis characteristic. The pres-

the stick exerted on the sphere could be calculated based of¢nce of the nucleated bubble led to distinct freezing and
Hooke’s law.Fig. 4shows the force of the stick on the sphere thawing histories.
during the freezing and thawing testkig. 2

When the ice moved toward the sphere, there would be no3.3. Freezing without bubble underneath
detectable force from by the stick before the bubble touched
the ice Figs. 2a and 2p This observation revealed a negli- Fig. 5 shows a typical freezing and thawing test at the
gible hydrodynamic drag on the sphere/bubble by the fluid same freezing speed as thatRig. 2, but with no bubble
pushed ahead by the ice front. The force became detectablaucleation on the sphere’s sack. In contrast to those noted
by the stick only if the bubble underneath had touched the in Fig. 2, the ice front started to push the sphere only after
ice front Fig. ). This force increased t0.®x 10~ N they met, while the magnitudsf vertical displacement was

028
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Fig. 5. Typical freezing and thawing test with no bubble eatbn. (a)—(c) Freezing stage. (d)—(f) Thawing stage.
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Fig. 6. The force—distance curves for the freeze—thaw cycle, corresponding
to data inFig. 5.

much milder Fig. 5¢). No large bubble was formed after ice loe Front
thawing Figs. 5d-5F.

The force curve irFig. 6resembles that iRig. 2, but with
a much lower magnitude. The maximum force over freezing
of 3.2 x 10~7 N was only 13% of that depicted ifig. 2  data during the freezing stage; for instance} 10~ N
(2.42 x 10 N). Apparently, the force of the bubble on the and 155 pm for the case Fig. 3. When a big bubble was
particle was much higher than the force exerted directly by formed beneath the sphere, the force exerted on the elas-

Fig. 7. Schematic of the forces acting the sphere with bubble underneath.

the ice front without a bubble. tic stick was be greater. Moreover, all tests without bubble
generation yielded a similar w&ral displacement, and then
3.4. Force of the bubble presented a force ranging from 2 to<410~’ N. This force

was what the ice exerted directly on the sphere during freez-
The size of the bubble could not be determined exactly ing without a bubble underneath. The force of the bubble on
after it was entrapped into ice, owing to the nonspherical, the particle was much higher than the force exerted directly
distorted bubble shape and the difficulty of directly observ- by the ice front.
ing the bubble through the opaque ice layer. We here take the Since all tests were conducted at a freezing speed of
maximum bubble size observabiluring freezing as an in- 4.6 pnys, an equivalent Reynolds number based on sphere’s
dex for quantitative description of the role of the bubble. (At diameter was less than 0.01. (If the fluid velocity rather
this stage the sphere had not yet touched the ice friigt. ¥ than the ice velocity and/or the bubble size rather than the
shows the maximum bubble size and the corresponding forcesphere’s size were used, the calculated Reynolds number
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would be even lower.) Therefore, the inertia effect for the was higher than that of the surrounding liquid by the action
investigated system could be safely ignored and the pseudo-of surface tension. In fact, within our experimental range, the

steady-state approximation could be adopted.

last term dominated the static pressure force term, leading to

The force balance on the sphere (with a bubble sitting an approximate form of E¢6) atd. — = limit as follows:

beneath) can then be stated as follotig)( 7),
Fy+ Fs+ F, sinfg = F,, + Fop+ Fe, (1)

whereFy, Fs, F,, F,, Fpp, and Fe are the disjoining force

between the ice front and the sphere due to the nonretarded ~

van der Waals interactigi 5], the elastic force by the stick,

the surface tension force, the drag force exerted by the fluid

o
Fop~ 7 R2{ (1 — cos D) —
pb T 3{( C)Rb}

27 R%0 ( Ry 2
— 0%~ — 5" [ =2 cos
( c) Rb (Rs 0)

27 R2o

= 27 Rpo oS bp. (7)

pushed ahead by the growing ice front, the net pressure force - Taking the case iffig. 2d as an illustrative example, un-
acting from bubble to the sphere, and the force attributable to e this particular condition the elastic force by the stick

the shape deformation of the bubble underneath. The forcesyas 46 x 10-7 N. Meanwhile, the corresponding freez-

Fs, F,,, and Fg could be estimated as follows.
The force data foFs(= EY) were measured and demon-

ing speed was 4.6 ws, with © = 1.788 x 10~3 Ns/m?,
Rs=838x10%m, h/2=Ry=44x10°m, p =

strated inFigs. 3 and s examples. The drag force by the 1000 kgm3, p; = 916 kgm3, & = 0.076 N/m, 6o = 60°,

fluid (F,) and the disjoining forceAy) by the ice on the
sphere could be estimated as follo,

Vs o —pi,,3ds
F, = — - Vi—= 2
g ”“(vi o )'Zh @)
and
Ads
Fd_@’ (3)

wherepu is the fluid viscosity,n; and p; are the densities of
water and ice, respectivelys is the particle moving veloc-
ity, and A is the Hamakar constant, ranging fronx8.0~22
to 6 x 10721 J for a water—ice systeif25]. Moreover, the
surface tension force could be evaluated by

dpSindy

F, sinfp = 2n< )a Sinfp = o dp i Bp. (4)

andr — 6. = 3° (by experimental observation), giving an
estimate off;, = 1.3 x 1071°N. F, sinfp = 1.57 x 107> N,
Fpb=5.25x 1076 N, and Fy = 1.8 x 1071 N. The forces
F,, and Fy were hence much lower than the measurgd
and Eq.(1) could be simplified for the case with a bubble
underneath as follows:

Fs~ Fp = (Fpp+ Fe — F sintp)

~ 27 Rpo (co 6 — Sirn? o) + Fe. (8)

Restated, the force measured by the elastic stick roughly es-
timated the net force exerted by the bubbles underneath on
the sphereky). Apparently, if the elastic deformation of the
bubble surface could be ignorels o< Rp. Restated, bubble
force increases with bubble size.

In the case of no bubble underneaify = F,, — Fg,

The net static pressure force from the gas bubble, con-which could be estimated as of ordex3L0~’ N (Fig. 6).

sidering it as a sphere of diamet#y, could be estimated as
follows (Fpb),

Fob= /(ZnRssinG)(deQ)(—(P — Pp)cosd), (5)
0

whereP = Pp + (1 — cos9)(Rspig) over 0< 6 < 6, P =

Hence,F,, ~ Fyq and the approximated E¢8) was valid as

an approximation. The above estimate contains uncertainty
since the bubble shape was not perfectly spherical and there
existed thermocapillary flow around the bubble (interfacial
flow moving toward the ice) that would further modify the
bubble shape and the associated pressure field. However, the
conclusion that the elastic force measured in the test could

Pyatf. < 6 < 7, Pa and P, are the pressures at the sphere’s properly represent the bubble force remained correct.

top and within the bubble, respectiveBy is taken as a ref-

Using the measuresfls, Ry, andfg data, the contribution

erence pressure and can be removed from the integrationof Fe could be estimated using E(B). Taking Fig. 2e as
Moreover, the bubble interior pressure can be approximatedan example, wher@s = 1.39 x 106 N and Ry, = 88 pm,

by Py = Pan + (2Rs+ Rp)pig + 20/ Rp WhenRy is less than
Rs. Hence, Eq(5) becomes

2
Fpb = nR§p|g{§(1— Coééc)

(20/Rp)
2L 2
* (2Rsp|g)”

At the limit of no bubble Fpy is equal to the buoyancy force

Ry
Re (6)

1—cosd;
—1
>

Fe=2.24x 10~ N, being one order of magnitude higher
than Fs. The competition betweeR,, Fpp, and Fe yielded
the net bubble forcef},. Regardless of the origin dfy, it
presented the controlling factor determining the force field
on the sphere.

3.5. Particle entrapment

In most natural processes and in some industrial applica-

acting on the sphere, a self-evident result. The bubble con-tions the dissolved gas contémwater is high. During freez-
tributed to the net pressure force since its interior pressureing, the dissolved gas would be expelled and be concentrated
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ahead of the ice front owing to the great difference in its sol-

ubilities in the water and ice phases. When a foreign particle 2 e F, o °

existed in front of a freezindront, heterogeneous nucle- o F,

ation would easily occur at the solid surface closest to the T

freezing front, where the gasigersaturation was the high-

est. Once the bubble was heterogeneously nucleated on th

sphere bottom, as demonstratethe preceding sections, its

development controlled the force field on the sphere. This 02 .

maximum force of the ice fronthas practical significance:

if the sphere could not resist this force (for instance, by the {

stick applied in this test), it would be pushed away by an

acceleration determined by the particle mass and the fluid — °% - . . . .

viscosity. In such a case, whether or not the particle would be 0 50 100 150 200 250 300

entrapped by the growing ice front would depend on how fast Bubble diameter (um)

it ran away and how fast the ice front caught up. A competi-

tion occurred between the ice front and the escaping sphere Fig. 8. Forces versus bubble sizets moment ice touched the sphere.

for entrapment. In the particular case studied in the present

work, the acceleration of the particle to move upward with pushed ahead by the growing ice front nor the van der Waals

the biggest bubble detected Fig. 2 would be an order of  disjoining force was significant to the investigated process.

magnitude larger than that without a bubble. The origin of the bubble force was mainly attributable to the
The heterogeneous nucleation of gas depends on local gasurface tension force, the static pressure force, and the elas-

supersaturation and the surface characteristics of the pardic force from bubble shape deformation.

ticle, which are of a stochastic nature and discourage the Since in most natural processes and in some industrial

search for a definite critical velocity for a natural suspen- applications the dissolved gas content in suspension is high,

sion. Hung et al[26] demonstrated that the solid rejection bubble formation is inevitable when these suspensions are

ratio for an activated sludge system increases continuouslysubjected to freezing. The force exerted by the bubble on

with decreasing freezing speed. This occurrence may alsothe foreign particle has to be taken into account when

be attributable to the formation of gas bubbles on the sludgesearching for the critical Vecity to freeze these suspen-

flocs under freezing. sions.

05

Force by ice °

Force (‘aynes)
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estimated the force exerted on the particle by measuring the
deformation of an elastic stick attached on it. Experimental Appendix A. Nomenclature
results revealed that the formed bubble started to push the

particle apart when it touched the ice front. The force exerted A Hamakar constant (J)

on the particle was built up in strength until the ice layer dy diameter of bubble (m)

had trapped about/6 of the sphere’s volume. For the first ds diameter of sphere (m)

time, this “bubble force” was estimated agt2x 10°° N E proportionality constant (\m)

(max.) in a typical freezing test, which was much higherthan Fy force from bubble (N)

the force exerted directly by ice in a test without a bubble Fy disjoining force (N)

(2—-4x 10~7 N). The force of the bubble increased with in-  Fe elastic force from bubble (N)

creasing bubble size (s&&. 8). Fpb net static pressure force (N)
The force of the bubble dominated the particle engulf- Fs force from stick (N)

ment in freezing. During thawing, the force curve followed F, surface tension force (N)

a distinct path from that in the freezing test, with its value F, drag force (N)

increased suddenly to.@ x 10~® N owing to the forma- g gravitational acceleration (fs?)

tion of a big gas bubble underneath the sphere. The present: distance between sphere and ice front (m)

study revealed that neither the drag force exerted by the fluid /5 final equilibrium height (m)
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P pressure (Pa) [6] R.W. Smith, G.W. Delamore, W.B.F. Mackay, A.F.S. Trans. 80 (1972)
Pa pressure at sphere’s top (Pa) 299.
Py interior pressure of bubble (Pa) [7] Q. Han, J.D. Hunt, J Cryst. Groyvth 152 (1995)‘ 221.
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t time (s) [11] D.M. Stefanescu, B.K. Dhindaw, S.A. Kacar, A. Moitra, Metall. Trans.
Ve critical velocity (nys) A19 (1990) 2847.
Vi velocity of ice front (m(s) [12] D. Shangguan, S. Ahuja, D.M.&anescu, Metall. Trans. A 23 (1992)
. 669.
Vs velocity of sphere (ifs) [13] J. Potschke, V. Rogge, J. Cryst. Growth 152 (1995) 221.
Y vertical displacement of stick (m) [14] J.W. Garvin, H.S. Udaykumar, J. Cryst. Growth 252 (2003) 467.
0 angular coordinate (-) [15] P.S. Wei, C.C. Huang, K.W. Lee, Metall. Mater. Trans. B 34 (2003)
Oc angular angle of contact area (-) 321.
o contact ang|e (_) [16] G. Lipp, C. Korber, S. Englich). Hartmann, G. Ra, Cryobiology 24
e ) (1987) 489.
I hqwo[ V|sc<_33|ty (Pa ??) [17] Z. Wang, K. Mukali, 1.J. Lee, ISIJ Int. 39 (1999) 553.
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