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Abstract

The axisymmetric shape of a pore resulting from a bubble trapped by a solidification front is experimentally and
theoretically investigated. Accounting for momentum, energy, mass, and species transport and physico-chemical
equilibrium at the moving cap surface of the pore and introducing a time-dependent mass transfer coefficient
derived from a scale analysis, the results find the effects of dimensionless parameters governing mass transfer
coefficient, the maximum and decaying rate of displacement of the solidification front, Henry’s constant,
concentration in bulk liquid, surface tension, and cap angle on the shape of the pore. Comparisons between the
computed and measured variations in the pore length and cap radius with time are also presented. © 1999 Elsevier

Science Ltd. All rights reserved.

1. Introduction

The presence of porosities degrades mechanical
properties of the workpieces in metals processing such
as welding, casting, and crystal growth [1]. Since the
solubility of a gas in a solid is much smaller than that
in a liquid, the advancing interface rejects gas to liquid
and increases concentration near the interface [2-5].
As concentration in the liquid near the interface
reaches the gas solubility and satisfies some level of
supersaturation, bubbles nucleate, grow and give rise
to pores in the solid.

In order to understand the process, water is usually
used for a direct observation. The generation and trap-
ping of air bubbles in freezing water have long been
well known [6]. For example, distilled water boiled and
cooled in air and then frozen contains many pores.
Hence, pore-free ice can be produced by directional
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freezing water boiled in a tube and then sealed to
exclude air. Extensive observations were made by
Chalmers [7], who interpreted that air rejected by the
solidification front accumulates in water near the inter-
face, until concentration is high enough for bubbles to
nucleate. The bubble grows because air diffuses into it.
If the interface continues to move forward, the bubble
cannot grow laterally but forward to form a cylindrical
pore, known as an ice worm. The ice worm that fre-
quently looks like a string of pearls was proposed to
be due to the fluctuations of the freezing rate. When
freezing is slow, the bubbles grow larger. During fast
growth, the formation of ice worms is suppressed and
the ice contains a large number of very small, round
bubbles. Very slow freezing permits the rejected air to
diffuse away from the interface, neither bubbles nor ice
worms appear. Ice grown in flowing water is usually
free of bubbles and ice worms, since the continuous
movement of water prevents the build-up of concen-
tration of dissolved air.

Later, Carte [8] found that the density of the separ-
ated bubbles in water is related to the solidification
rate by a power of —1.7. A critical oversaturation for
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Nomenclature

A, B dimensionless parameters, defined in Eq.

(20)

Bo Bond number = p\gh &low

Cp specific heat

C gas concentration, kg-mole/m>

Cy gas concentration at cap surface on liquid
side, kg-mole/m’

Coo gas concentration in liquid far from
bubble, kg-mole/m*

Ch dimensionless gas concentration,
C3 = RTCoo/pighio

D gas solutal diffusivity, m?*/s

g gravitational acceleration

G temperature gradient

h length

hp mass transfer coefficient, m/s

or dimensionless parameter governing steady

component of mass transfer coefficient,
he = (hio/hg)'?, defined in Eq. (16)

hg effective length of pore

hy total height of liquid and solid, /4§ = ho/hjo,
as illustrated in Fig. 2

k conductivity

K modified Henry’s constant, K* = K/RT

L latent heat for solidification

Le Lewis number = oy/D

m dimensionless parameter governing

unsteady component of mass transfer coef-
ficient, defined in Eq. (16)

n mole of gas, kg-mole

P dimensional pressure, p*=p/pighio

(0] dimensionless solid-to-liquid conduction
ratio = ksGsO/lel()

I dimensional pore cap radius, ri=ri/hy, as
illustrated in Fig. 2

R universal gas constant

Si dimensional displacement of solidification
front, si =s;/hio, as illustrated in Fig. 2

S cap area

Ste Stefan number = ¢,Gohio/Lsi

t dimensional time, 1*=tD/h%

T temperature

Xy mole fraction of gas on cap surface and
liquid side

z dimensional coordinate, z*=z/h;, as illus-

trated in Fig. 2

Greek symbols

o thermal diffusivity

p density

a surface tension

) cap angle, as illustrated in Fig. 2
Subscripts

c cold

g gas in pore

h high

i solid—liquid interface
1, s liquid and solid

v vapor

0 initial

Superscript
* dimensionless quantity

bubbles to nucleate is about 30. Wilcox and Kuo [9]
reviewed and provided a theory to show that the ten-
dency to form gas bubbles increases with increasing
growth rate and ambient pressure and decreasing stir-
ring and height of liquid over solid. Increases in liquid
surface temperature either increase or decrease the ten-
dency to nucleate bubbles depending on if the solu-
bility increases or decreases with increasing tempera-
ture. Vasconcellos and Beech [10] studied the effects of
CO, dissolved in water on the formation of blowholes.
After determining the radius of a blowhole from a
photograph, gas pressure and solute concentration
were evaluated by applying momentum balance and
physico-chemical equilibrium on the bubble, respect-
ively. A blowhole exists when the concentration of
solute at the interface proceeds that in equilibrium

with gas pressure. The growth of blowholes can be
explained in terms of a steady-state solute profile.
Geguzin and Dzyuba [11] observed the bubbles cap-
tured by the solidification front in freezing distilled
water or naphthalene. Bubbles arose chiefly in the
region of coarse distortions of the solidification front
at which a local increase in gas concentration exists.
The measured density of pores and frequency of the
generation of the bubbles increase while the mean sizes
of the pores decrease with increasing solidification
speed. Geguzin and Dzuba [12] divided bubbles and
pores into well-type, semi-closed, closed inclusions,
boundary containing gas-saturated liquid, and isolated
gas bubble in solid near the solidification front. To
evaluate air concentration near the advancing interface
a test bubble method was developed. Gas inclusions in
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solid were found to be periodic. It was proposed that a
bubble is not captured, captured as an elongated in-
clusion, and isolated pore as the solidification front is,
respectively, less, equal, and greater than the rate of
displacement of the top surface of the growing bubble.
Lipp et al. [13] also applied the test bubble method to
study the bubble growth ahead of the solidification
front. Tagavi et al. [14] observed void formation in
gassed and degassed cyclohexan and 1,4-butanediol
solidified from above and below. Blowholes appear for
gassed liquids irrespective of the direction of solidifi-
cation. The freezing process starts with liquid shrink-
age and decreasing pressure. In upward solidification,
the shrinkage is spread as several voids. Freezing from
below causes the void to appear at the top under grav-
ity and at the center under microgravity. The dissolved
gases have a tendency to distribute the shrinkage as
small worms.

Modeling the growth of a pore resulting from a
bubble captured by the moving interface should incor-
porate with the location and growth rate of the solidi-
fication front determined by thermal conditions. It is
also difficult to relate the growth of a bubble ahead of
the solidification front to the shape of the pore in
solid. Recently, Wei et al. [15] observed the formation
of the pores in solid and predicted the shape of a pore
during upward solidification by accounting for mass,
momentum, energy and species transport and physico-
chemical equilibrium at the moving cap surface. The
shape of the pore was found to be strongly affected by
solidification rate. Since freezing rate decreases during
solidification, mass transfer to the pore and the result-
ing gas pressure in the pore are reduced. The growth
of cap radius is attributed to the decreasing rate of gas
pressure overriding that of hydrostatic pressure on the
cap surface. As decreasing rates of gas and hydrostatic
pressures become the same order in later times, the
wall of the pore readily corrugates.

In this study, the work of Wei et al. [15] is extended
to investigate the effects of different dimensionless
working parameters on the growth and axisymmetric
shape of the pore. The mass transfer coefficient govern-
ing mass transfer across the cap surface is systemati-
cally analyzed from a scale analysis viewpoint.
Comparing between the computed and measured
results for the growth of the pore leads to a general
understanding of the formation of the pores in solid.

2. Experimental setup

The main components of the experimental setup are
the test liquid, glass tube, constant-temperature bath,
and zoom microstereoscope, as illustrated in Fig. 1. A
heat-treated glass tube was selected to obtain good
thermal insulation. The outer and inner diameters and
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Fig. 1. Schematic sketch of experimental setup.

height are 0.0401, 0.0353 and 0.315 m, respectively.
The working medium in the glass tube is distilled
water at a height of 0.0975 m. Using other liquids such
as a water—KCl solution the nucleated bubbles were
too small to be discriminated. The top of the tube is
covered by a copper plate to avoid contaminations
from the surroundings and maintain a nearly constant
atmospheric temperature. The temperature at the bot-
tom can be as low as —25 4 0.3°C maintained by the
constant-temperature bath, where the circulating cool-
ant is 40% volumetric fraction of glycol dissolved in
water. The lowest temperature can be changed by
varying the amount of glycol. The pipes in the con-
stant-temperature bath are insulated by wool to avoid
condensation and freezing of the vapor in the sur-
roundings. Wool is also placed between the compressor
and stirring motor to reduce vibration. To reach a
long focal distance and clear image, a zoom micro-
stereoscope equipped with a camera is used. The mag-
nification is between 6 to 60. Four light sources are
utilized for luminescence. They are cold so that the
temperature in water and ice is not disturbed.

3. System model and analysis

In this study, solidification is upward in the positive
z-direction, as illustrated in Fig. 2. The displacement
of the solidification front measured from the location
where the pore occurs is s;, which is also equal to the
length of the pore. The cap radius of the pore is r; at a
depth /; below the top free surface. The assumptions
made are the same as the work presented by Wei et al.
[15] and briefly discussed as follows:
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Fig. 2. Physical model and coordinate.

1. The pore is filled with vapor and a gas at the melt-
ing point. A gas of multicomponents, however, can
be readily extended [9]. The gas and vapor are ideal
gases due to low pressure.

2. The growth of the pore is axisymmetric. The cap of
the pore is spherical in shape with a constant cap
angle.

3. Convection in upward solidification is ignored. The
effect of convection due to solidification rate on
solute transport is included in the mass transfer
coefficient, as can be seen later.

4. Physico-chemical equilibrium on the cap surface of
the pore is governed by Henry’s law for the solute
gas, because dissolved gas in liquid is usually dilute.
The measured mole fractions of air, nitrogen,
hydrogen, and carbon dioxide gases dissolved in
water at 273 K are around 107 to 107> [16-18,25].

5. Mass transfer between cap surface and bulk gas
phase is governed by the rate-determining diffusion
of the gas in the pore. Bulk resistance of gas is of
the order of 100 to 1000 s/m, which is much higher
than interfacial resistance of around 0.1 s/m for a
water—gas interface without impurities or mono-
layers [19]. The mass transfer coefficient is time-
dependent, since the solute-affected region grows
and mass transfer vanishes as solidification rate
reduces to zero. Mass transfer on liquid—solid or
vapor—solid interfaces is ignored due to negligible
solute diffusion and zero convection.

6. All the variables in the pore are lumped as a result
of the small size of the pore and long freezing time.

3.1. Governing equations

A force balance applied at the cap surface of the
pore yields

201y sin ¢

Py +DPv = pa+ pig(hio — 5i) + (1)

1

where the terms on the left-hand-side represent gas
pressure in the pore and vapor pressure of the solvent,
terms on the right side are atmospheric pressure on the
top free surface of liquid, hydrostatic pressure, and
pressure due to surface tension, respectively. The par-
tial pressure of the gas is determined by Henry’s law
[16,17,25]

pe = KCy, (2)

where the proportionality constant K is the modified
Henry’s constant in unit of Pa-m’/kg-mole. Vapor
pressure of the solvent, p,, in Eq. (1) can be evaluated
from Raoult’s law and Clapeyron equation [20]. Since
water is a dilute solution pressure of solvent in Eq. (1)
is approximately identical to saturation pressure,
which is constant at the ice point. Equation of state
for the gas in the pore is needed

peV =ngRT 3)

where the volume of the pore is approximately equal
to

t dr t/
= [ 2o - s ar )
0 dl,
Introducing a mass transfer coefficient /ip, the amount
of the gas in the pore in Eq. (3) can be evaluated

dng

3 = mS(Cw — Cx) ®)

The Stefan boundary condition is also required

ds; dT; dT,
pllei = ks £ k !

i~ dz Mz ©)

where the term on the left-hand-side represents latent
heat due to solidification while the terms on the right-
hand-side are heat conduction from the interface to
solid and from liquid to the interface, respectively. The
initial condition is 5;=0 at r = 0.

3.2. Mass transfer coefficient

The mass transfer coefficient in Eq. (5) is defined by
conservation of gas solute

p2C — ey - C) ™
0z



P.S. Wei et al. | Int. J. Heat Mass Transfer 43 (2000) 263-280 267

where concentration is determined by a species
equation in the pore

aC ds; 9C 32C

T _p= 8
ot dr 9z 022 ®
The second term on the left-hand-side of Eq. (8) rep-
resents advection with a relative velocity equal to sol-
idification rate in the negative z-direction. Scaling Eq.
(7) leads to

D
h ~ < 9
b~ 5 ©)
where J0p is the thickness of the solutal boundary
layer. Provided that velocity normal to the interface is
negligible, Eq. (9) can be represented by
D
hpy~ —— (10)
5eff
where Jqq is an effective film thickness, as proposed by
Lewis and Whitman [21]. In a short period, a balance
between unsteady term with solutal diffusion in Eq. (8)
leads to

1 D
- or op ~~/ Dt (11)

t 8

Substituting Eq. (11) into Eq. (9) gives

hp = \/g (12)

which is the result obtained from the penetration the-
ory of Higbie [22]. If time = hy/(dsi/dt) where h, is an
effective length of the pore, Eq. (12) further leads to
the representations from Papamantellos et al. [23]

hy = [ = i} (13)

If the process lasts long enough to be in a steady state
or involves significant velocity normal to the interface,
convection becomes the same magnitude as the dif-
fusion term. Scaling Eq. (8) leads to

dSi D dSi

—1

A substitution of Eq. (14) into Eq. (9) gives

ds;
hp = — 15
D dr (15)
which is independent of the solutal diffusion as pre-
sented by Davies and Rideal [19]. Combining Egs.
(10), (13) and (15) the mass transfer coefficient can be
expressed in a general form

D dst\"
hp = —h* [ —L 1
D hio eff (dl* ) ( 6)

where the power m is equal to or greater than 0. This
indicates that mass transfer is enhanced by the increas-
ing solidification rate. Comparing Eq. (16) with Eq.
(13) gives dimensionless parameter governing steady
conllg)onent of the mass transfer coefficient A Zy= (/;o/
ho)''>.

3.3. Solutions

In view of the Lewis number for a solid and a liquid
much greater than unity, temperature profiles in
solute-rich regions near the solidification front can be
assumed to be linear. Dimensionless temperature gradi-
ents in solid and liquid near the solidification front are
therefore given by [15]
a7} N ¥ dTy

1

dzr 0 m -1 dz*

~1+ s 17)

Eq. (6) by substituting Eq. (17) yields

L dst (0
Ste Le dr* h§—1

+1>si*:Q—1 (18)

Integrating Eq. (18) and introducing the initial con-
dition, as mentioned previously, lead to

st =41 —e 5" (19)

where dimensionless parameters governing the maxi-
mum displacement of the solidification front and expo-
nential decay of displacement are, respectively, defined
as

_©@-Dlhg -1 _( 9
A=QT*O‘—1’ B=<h3—1+1>5t6L€ (20)

Differentiating Eq. (3) with time and substituting Eqs.
(2), (4), (5) and (16) leads to [15]

-1
1—m
K* (dsf
F=K*CX|1——| - 21
Dy o{ h:ﬁ<dl*> } (21)

A dimensionless form of Eq. (1) yields

N 2 sin ¢
H=
b Bo(pg =i+ P — 1))

(22)

which by differentiating with time gives

drs —2 si dpt  ds
i sin ¢ 2<pf+—?;> (23)
de* Bo(py —py +py — 1 +s))" \drr - dr

Specifying values of independent dimensionless par-
ameters, gas pressure in the pore can be determined
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Fig. 3. Photographs with magnification of 20 to describe bubble growth, (a) 0, (b) 5, (c) 20, (d) 50, (e) 130, (f) 190 min.
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Fig. 3 (continued)

from Eq. (21) by substituting Eq. (19). Cap radius is
then obtained from Eq. (22).

4. Results and discussion

In this study, distilled water is frozen from the bot-
tom of a glass tube at the lowest temperature of —18 +
0.3°C. The top surface is maintained at a surrounding
temperature of 25°C. Observation is provided by Fig.
3(a) showing that several bubbles take place on the
solidification front at time ¢ = 0. The magnification of
the photograph is 20. In view of high gas pressure, the
caps of bubbles or pores on the right-hand-side are
bulged. The two bubbles on the left-hand-side, how-
ever, are slim. Comparing to Fig. 3(a), Fig. 3(b) at a
time of 5 min indicates that lengths and radii of
bubbles increase with time. The increase in the former
is greater than the latter. The increase in the length of
a pore is determined by the movement of the solidifi-
cation front. Interestingly, instead of increasing cap
radius, the third bubble from the right-hand-side
decreases the radius of the cap. This gives rise to the
second ring of streak on the wall of the pore. The
third ring on the wall of this bubble can also be seen
in Fig. 3(c) at a time of 20 min. The wall of the pore

therefore exhibits a periodic nature. It is found that
the two bubbles on the left-hand-side disappear due to
a low gas pressure resulting in rupture of caps, escape
of gases, and entrapment of water. Aside from the
fourth streak appears for the third bubble on the right-
hand-side, as shown in Figs. 3(d) at a time of 50 min,
several small bubbles are found to be nucleated on the
lower left-hand-side. Fig. 3(e) shows that the first
bubble on the right-hand-side decreases the cap radius
at a time of 130 min. The process therefore is repeated
for each bubble by referring to Fig. 3(f).

Chalmers [7] proposed that the alternative increase
and decrease in cap radius resulted from the fluctu-
ation of the solidification rate. Wei et al. [15] showed
that in an earlier stage, cap radius increases with time,
even though solidification rate fluctuates. This is
because the decreasing rate of the total gas pressure
overrides that of hydrostatic pressure (see Eq. (23)). In
view of a rapid decrease in gas pressure, the decreasing
rate of gas pressure becomes the same order of that of
hydrostatic pressure in the later stage of solidification.
This results in an oscillation of cap radius.

Different regions of a pore in solid may solidify by
examining the second pore from the right-hand-side in
Figs. 4(a) and (b) at different times. It shows that the
lower region of the pore solidifies owing to an exist-
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Fig. 4. Photograph showing solidification of pores in a solid during freezing.
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Table 1
Typical values of working variables in freezing water

o1y (N/m) 0.076

ks (W/m-K) 222

ki (W/m-K) 0.55

ot (J/kg-K) 4205

pi (kg/m?) 1000

Ly (J/kg) 3.3 % 10°
o (m?/s) 7.7 x 107°
py (Pa) 611

K (Pa-m>/kg-mole) 107-10%
Cso (kg-mole/m?) 4.6 x 1073
D (m?/s)* 107> —-107*
Gy (K/m) 257

ho (m) 0.099

hio (m) 0.088

hg (m) 45x 107
Ty (K) 298

T. (K) 255

% The value of gas diffusivity, D, was chosen from Geiger
and Poirier [24].

ence of liquid in the pore. The intermediate region of
the fourth pore on the right-hand-side also solidifies by
comparing Figs. 4(b)—(d).

In this study, dimensionless parameters were esti-
mated from the data suitable for freezing water as pre-
sented in Table 1. Fig. 5 shows that dimensionless cap

radius and displacement of the solidification front
increase while gas pressure decreases as dimensionless
time increases. Solidification rate reduces in the course
of freezing due to an increase in conduction from
liquid to the interface and a reduction of conduction
from the interface to solid. At a given time, an increase
in dimensionless maximum displacement of the solidifi-
cation front increases the displacement of the solidifi-
cation front and solidification rate, which increases gas
pressure and decreases cap radius as a result of an
enhancement of mass transport. Near the end of solidi-
fication dimensionless gas pressure reduces to 120
(=1.02 x 10° Pa), which is slightly greater than 1 atm.
The corresponding shapes of the pore in a solid at a
dimensionless time of eight are presented in Fig. 6.
The shape of the pore at a given time ¢ is determined
by the relation between cap radii and the locations of
the solidification front from ¢ = 0 to z. The cap and
the base of the pore are not drawn. The base is
affected by the nucleation process and is not included
in this work. It can be seen that the pore is narrower
and longer for a greater dimensionless parameter gov-
erning the maximum displacement of the solidification
front. Although dimensionless cap radii are close for
different values of the dimensionless parameter govern-
ing the maximum displacement of the solidification
front as dimensionless time increases (see Fig. 5), the
shapes of the pore deviate significantly. This is attribu-

5 — e - A=005 [ 124
i
1 5T ~ A=0.045
123
—122 pg
121
y 120

10

Fig. 5. Dimensionless cap radius, displacement of solidification front, and gas pressure in pore vs dimensionless time for different
values of dimensionless maximum displacement of solidification front (B = 0.8, Bo = 103, m = 0.01, K*=10, Chi=12, hiz=14,

¢ =4mn/9).
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A=0.045
A=0.05
r | Fxao®
4 4

Fig. 6. Shapes of a pore for different values of dimensionless
maximum displacement of solidification front (B = 0.8,
Bo = 10°, m = 0.01, K*=10, C’, =12, hiz=14, ¢ =4n/9).

ted to the big difference in the locations of the solidifi-
cation front.

The variations in the dimensionless displacement of
the solidification front, gas pressure, and cap radius

57

with dimensionless time for different values of the
dimensionless parameter governing decaying rate of
displacement are shown in Fig. 7. As discussed pre-
viously, in the earlier stage an increase in the dimen-
sionless parameter governing decaying rate of
displacement increases solidification rate, which
enhances mass transfer and gas pressure in the pore.
As a consequence, dimensionless cap radius reduces.
Interestingly, the solidification rate decreases with
increasing the dimensionless parameter governing
decaying rate of displacement for dimensionless times
greater than 1.8. This leads to a reduction of dimen-
sionless gas pressure and an increase of dimensionless
cap radius. The axisymmetric shape of the pore in the
earlier stage is narrow by increasing the dimensionless
parameter governing decaying rate of displacement, as
shown in Fig. 8.

Dimensionless gas pressure is reduced and cap
radius is increased at a given time by increasing the
dimensionless parameter governing the steady com-
ponent of the mass transfer coefficient, as shown in
Fig. 9. An increase in the dimensionless parameter
governing steady component of the mass transfer coef-
ficient reduces accumulation of solute at the advancing
interface. To satisfy the physico-chemical equilibrium
governed by Henry’s law, dimensionless gas pressure
decreases and cap radius increases. The axisymmetric

— 124
123
B=08 —122p_
B=0.35

— 121

w 120
10

Fig. 7. Dimensionless cap radius, displacement of solidification front, and gas pressure in pore vs dimensionless time for different
values of dimensionless parameter governing decaying rate of displacement of solidification front (4 = 0.045, Bo = 10°, m = 0.01,

K*=10, C%=12, hiz=14, ¢ =4n)9).
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I
4

Fig. 8. Shapes of a pore for different values of dimensionless
parameter governing decaying rate of displacement of solidifi-
cation front (4 = 0.045, Bo = 10>, m=0.01, K*=10,
Ci=12, hig=14, ¢p=4n)9).

shape of the pore becomes narrow by decreasing the
dimensionless parameter governing steady component
of the mass transfer coefficient, as shown in Fig. 10. In
Fig. 11, it shows that at a given time, an increase in

Z" x102

r'x103

Fig. 10. Shapes of a pore for different values of dimensionless
parameter governing steady component of mass transfer coef-
ficient (4 = 0.045, B = 0.8, Bo = 10%, m = 0.01, K*=10,
Ci.=12, p=4n/)9).

the dimensionless parameter governing unsteady com-
ponent of the mass transfer coefficient decreases the
mass transfer coefficient which increases gas pressure
in the pore. A smaller dimensionless parameter govern-

124
r

— 123

— 122 p,

121

120
10

Fig. 9. Dimensionless cap radius and gas pressure in pore vs dimensionless time for different values of dimensionless parameter
governing steady component of mass transfer coefficient (4 = 0.045, B = 0.8, Bo = 10°, m = 0.01, K*=10, C%. =12, ¢ =4n/9).
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— 125

— 124

— 123

— 122

— 121

120
10

Fig. 11. Dimensionless cap radius and gas pressure in pore vs dimensionless time for different values of dimensionless parameter
governing unsteady component of mass transfer coefficient (4 = 0.045, B = 0.8, m = 0.01, Bo = 10°, K*=10, C% =12, hiz=14,

b =4n)9).

ing unsteady component of the mass transfer coef-
ficient produces a wider shape of the pore, as shown in
Fig. 12.

—
-4

Fig. 12. Shapes of a pore for different values of dimensionless
parameter governing unsteady component of mass transfer
coefficient (4 = 0.045, B = 0.8, m = 0.01, Bo = 103, K*=10,
Ci.=12, hig=14, p=4n)9).

A slight increase in the modified dimensionless
Henry’s constant significantly increases dimensionless
gas pressure and decreases cap radius, as shown in
Fig. 13. An increase in the dimensionless Henry’s con-
stant indicates an increase in dimensionless gas press-
ure in order to maintain physico-chemical equilibrium
and solute accumulation at the cap surface. The shape
of the pore becomes narrow by increasing the dimen-
sionless Henry’s constant, as shown in Fig. 14. Fig. 15
shows that dimensionless gas pressure is decreased
with dimensionless concentration in bulk liquid far
from the solidification front due to decreases in gas
solute at cap surface and mass transfer to the pore. A
narrow pore induced by an increased dimensionless
concentration in the bulk liquid is presented in Fig. 16.

As shown in Fig. 17, an increase in dimensionless
parameter governing surface tension and cap angle
increases dimensionless cap radius in order to satisfy
momentum balance at cap surface. Interestingly,
dimensionless gas pressure is found to be independent
of the dimensionless parameter governing surface ten-
sion and cap angle. Axisymmetric shapes of the pore
for different values of the dimensionless parameter
governing surface tension and cap angle are shown in
Fig. 18. A small dimensionless parameter governing
surface tension and cap angle induces a narrow pore.

The measured displacement of the solidification
front versus time in freezing water from Wei et al. [15]
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Fig. 13. Dimensionless cap radius and gas pressure in pore vs dimensionless time for different modified dimensionless Henry’s con-
stants (4 = 0.045, B = 0.8, Bo = 10°, m = 0.01, Cl =12, hig=14, ¢ =4mn)9).

is shown in Fig. 19. The temperature at the bottom is
—18°C, while that at the top is a surrounding tempera-
ture of 25°C. It can be seen that displacement of the
advancing interface is of the order of 107> m. The

Z" x102

Fig. 14. Shapes of a pore for different modified dimensionless
Henry’s constants (4 = 0.045, B = 0.8, Bo = 103, m = 0.01,
Ci.=12, hig=14, p=4n)9).

maximum solidification rate is roughly 107 m/s in the
early stage. Solidification rate decreases with increasing
time and decreases to zero after time is greater than
4500 s. Choosing relevant values of dimensionless par-
ameters 4 = 0.0449 and B = 0.35 governing the maxi-
mum displacement of the solidification front and
decaying rate of displacement, respectively, it is found
that Eq. (19) slightly overestimates and underestimates
the measured displacement of the solidification front
for times less and greater than 4500 s, respectively. In
order to satisfy negligible displacement as time
becomes large, dimensionless parameter B = 0.8 is
chosen. The predicted displacement, however, is over-
estimated in earlier times.

The variation in the measured cap diameter with
time is shown in Fig. 20 [15]. Evidently, cap diameter
increases with time. Cap diameters are of the order of
107* m with the maximum growing rates of around
1077 m/s in the earlier stage. It is found that the
dimensionless parameter B = 0.35 cannot agree well
with the unsteady variation in cap diameter. The
increasing rate for cap diameter is less in earlier times
and greater in later times than experimental data.
Better results can be seen for the dimensionless par-
ameter B = 0.8. Referring to Figs. 19 and 20, it
implies that in view of an incomplete insulation of the
glass tube during a long freezing time, the prediction
based on one-dimensional analysis cannot fit well in



276 P.S. Wei et al. | Int. J. Heat Mass Transfer 43 (2000) 263-280

3 ~ 125
reo—
C.=12 | 124
123
Pg
C.=12.1
— 122
C.=12.1
— 121
C=12
0 [ [ — B = 120
0 2 4 6 8 10

Fig. 15. Dimensionless cap radius and gas pressure in pore vs dimensionless time for different dimensionless concentrations in bulk
liquid far from solidification front (4 = 0.045, B = 0.8, Bo = 10°, m = 0.01, K*=10, h’z=14, ¢ =4n)9).

Fig. 16. Shapes of the pore for different dimensionless concentrations in bulk liquid far from solidification front (4 = 0.045,
B =0.8, Bo=10°, m = 0.01, K*=10, hlz=14, ¢ =4x/9).
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Fig. 17. Dimensionless cap radius and gas pressure in pore vs dimensionless time for different values of dimensionless parameter
governing surface tension and cap angle (4 = 0.045, B = 0.8, Bo = 10>, m = 0.01, K*=10, C% =12, hiz=14).
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Fig. 18. Shapes of a pore for different values of dimensionless parameter governing surface tension and cap angle (4 = 0.045,
B =0.8, Bo= 10>, m = 0.01, K*=10, Ci =12, hiz=14).
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Fig. 19. Measured and predicted displacement of solidification front vs time (4 = 0.0449, /;,=0.087 m, D = 1075 m%/s).
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Fig. 20. Measured and predicted cap diameter vs time (4 = 0.0449, Bo = 10>, m = 1073, K*=9.75, C%,=12.28, hlx=14, ¢ =4n/9,
hio=0.087 m, D = 107> m?/s).



P.S. Wei et al. | Int. J. Heat Mass Transfer 43 (2000) 263-280 279

the entire range of time. Eq. (19), however, is still
acceptable for a clear and fundamental investigation
on the growth of the pore.

5. Conclusions

The conclusions drawn are the following:

1. Photographic observation shows that the wall of a
pore corrugates readily during solidification. Some
pores in solid may disappear from rupture of the
cap surface and entrapment of water. Pores in solid
can also partially solidify during freezing owing to
an existence of water in the pores.

2. The shape of a pore in a solid is strongly affected
by solidification rate. Since gas in liquid highly ac-
cumulates at cap surface by increasing solidification
rate, mass transport to the pore is enhanced and gas
pressure in the pore is increased. A satisfaction of
momentum balance leads to a decrease of cap
radius. On the other hand, when the solidification
rate decreases in the course of freezing, cap radius
increases with time.

3. Radii of a pore in solid are reduced by decreasing
dimensionless parameters governing steady com-
ponent of the mass transfer coefficient, and surface
tension and cap angle, and increasing dimensionless
parameters governing the maximum displacement
and decaying rate of displacement for the solidifi-
cation front, Henry’s constant, concentration in
bulk liquid, and unsteady component of the mass
transfer coefficient.

4. Gas pressure in the pore is insensitive to the vari-
ation in the dimensionless parameter governing sur-
face tension and cap angle.
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