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Freezing Front Propagation on Microgrooved Substrates
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An experimental and numerical study of a planar freezing front propagating in a water layer above microgrooved
substrates is presented. Classical photolithographic technology is employed to fabricate the microgrooves, and the
morphological effect on the front propagation speed is quantified and compared with that predicted by the numerical
simulation. The simulation is performed using enthalpy method and the finite element analysis package FIDAP in
order to understand the physical mechanisms. The experimental results show that the speed of a freezing front
oscillates when the front moves across the adjacent crests and troughs of microgrooves. The propagation speed on
crests is about two to eight times that in troughs. The simulation results agree well with experiments and demonstrate
that the silicon crests change the heat transfer direction into vertical as the latent heat is released from the freezing
front, leading to a fast propagation on crests. The shape of the freezing front, the impact of the sample geometry, and
the cooling rate of the system are also reported and discussed. The findings provide insight into how the speed and
shape of a freezing front can be manipulated and might find broad application in systems with solidification.

Nomenclature

temperature at the cold end of a unit cell under
the initial condition

temperature at the hot end of a unit cell under

the initial condition

specific heat

depth of the trough

thickness of the substrate

water thickness above the substrate

enthalpy

cooling rate derived from the curve fit of the
experimental data

thermal conductivity

latent heat of water, 333.6 kJ/kg for water
normal direction of the freezing front (solid—liquid
interface) in the water layer

normal direction of the silicon—water interface
temperature

melting temperature of ice, 0°C (273.2 K)

time

volume of water

width of the microgrooves

horizontal direction, i.e., the direction of the freezing
front propagation

vertical direction

volumetric ratio of the water above a trough to the
water above a crest

temperature gradient in the horizontal direction
time period calculated from the simulation

time period measured in the experiments
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8 = Dirac delta function

P = density

v = speed

Vi, = freezing front propagation speed, i.e., solidification
rate

Vg = speed of the water freezing point (7' = 0°C)
calculated from the simulation

¢ = angle of the wedgelike front from the horizontal
direction

Subscripts

c = cold end of the test specimen, or the crest of the
microgrooves

f = freezing front, i.e., solid-liquid interface

h = hot end of the test specimen

K = silicon

t = trough of the microgrooves

w = water, including its liquid phase and solid phase

0 = water freezing point (7' = 0°C)

Superscripts

l = liquid phase of water

s = solid phase of water (ice)

1. Introduction

ROPAGATION of a freezing front can be found in many

applications, such as crystal growth in casting [1,2], food
processing [3], the purification of pollutants [4], cell cryopreserva-
tion [3,6], and cryosurgery [7,8]. The speed of a freezing front, i.e.,
the solidifying rate of the liquid—solid interface, is important to the
time period required for a freezing process, the size of the crystal
structures, and the interaction between the freezing front and the
particles or cells. For example, the motion of the freezing front is
directly related to the quality of casting [1,2]. The existence of critical
solidifying rates determining the repellence or engulfment of
particles or cells by a liquid—solid interface is widely recognized
[4,5]. The front propagation speed on the order of 1 ;um/s was found
to provide the best pollutant reduction in the experiments [4]. The
behavior of the particle-front interaction was also exploited to
measure the surface tension of biological cells [6]. As a key factor in
the outcome of cryotreatment, the solidifying rate of a freezing front
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Fig. 1 Schematic of the vertical cross section of the test unit.

has attracted special attention in the development of cryosurgical
devices [7,8]. Thus, knowledge of freezing front propagation is
valuable, and the modification of its speed is useful in both traditional
and interdisciplinary fields.

Many studies have investigated methods, such as thermal designs,
for manipulating freezing front motion during its propagation.
Zabaras et al. [2] and Xu and Naterer [9] provided useful numerical
tools to obtain the required boundary flux and temperature conditions
for a desired motion of the freezing front. Demirci et al. [10] applied a
control method over heat fluxes and velocity of a freezing front to
achieve specified casting properties and structures in materials
processing. Hale et al. [11] proposed a general methodology to
achieve independent management of the solidifying speed and the
liquid-side interfacial temperature gradient. Stelian et al. [12]
conducted a numerical study of a temperature oscillation effect on the
freezing front speed in the vertical Bridgman growth process using the
finite element analysis software FIDAP. Shu etal. [13] experimentally
and numerically investigated the solid-liquid interface under the
conditions of constant and oscillating temperature gradients, and their
prediction was in good agreement with their experimental measure-
ment. Furthermore, other effects (e.g., magnetic fields [14], capillary
forces, and the solid-liquid contact angle [15]) on the solidifying
interface have also been studied. With the photolithographic
technology used in the integrated circuit (IC) industry, it has become
economically feasible to fabricate microstructures on substrates to
produce special performance effects in a wide range of systems [16—
18]. However, the effect of these microstructures on the freezing front
propagation has not been reported in the open literature, and there are
reasons to believe it mighthave an importantimpact, as microstructure
is known to be important in multiphase systems.

In this paper, an experimental and numerical study of a freezing
front propagation in a thin water layer on microgrooved substrates is
presented. Water is selected in the study because of its popularity
and involvement in numerous applications. Microgrooves were
fabricated on silicon substrates using photolithography, and an
experimental apparatus was developed to produce a planar solid—
liquid interface moving across the microgrooves. The repeatability
achieved with the apparatus was verified, and careful experiments
were performed to investigate the effect of microgrooves on the
propagation speed of a freezing front. Quantitative results from the
experiments were obtained and compared with the numerical

simulation based on enthalpy method. The simulation was con-
ducted using FIDAP, in order to help provide an understanding of
the dominant mechanisms causing the behavior of the freezing
front observed in the experiments. The experimental data reported
here can contribute to the database used to validate and enhance
computer models, and the knowledge developed in this study can be
applied to gain valuable insight on controlling and modifying the
speeds and shapes of a freezing front in engineering applications
with solidification.

1L
A. Experimental Setup

Experimental Method

An experimental apparatus was developed to generate a stable
planar freezing front and to obtain the thermal data and the images of
front propagation [19]. The vertical cross section of the test unit is
schematically shown in Fig. 1, and the properties of materials used in
the study are provided in Table 1. A layer of distilled water, enclosed
by a rectangular glass frame, was deposited on the top of a silicon
substrate. The substrate was fixed on two 9-mm-high copper blocks,
which were spaced 22 mm apart and represented as the hot end and
the cool end in Fig. 1. The substrate and the two ends were 38 mm
long in the direction perpendicular to the vertical cross section and
surrounded by insulation material. The entire section was placed on a
Plexiglas stage (thermal conductivity of Plexiglas is 0.21 W/m-K)
under a scanning confocal microscope (SCM). The motion of the
freezing front was recorded using the SCM. The test section was well
insulated and placed in an environment in which the variations of air
temperature and relative humidity above the water layer were within
3°C and 4%, respectively, during the experiments.

A freezing front was produced and propagated in the water layer
when a temperature gradient between the hotend and the cold end was
established. The temperature of the hot end was controlled by a
thermoelectric device, and the cooling of the cold end was provided by
a liquid-nitrogen reservoir. The thermoelectric device had program-
mable control on its temperature in the range of —20 to 100°C. The
thermoelectric device was operated under preset conditions, and the
experiment was initiated by connecting the cold end to the nitrogen
reservoir to generate the freezing front propagation. The motion of the
leading edge of the front was captured by microscope, and the thermal
conditions were simultaneously recorded. During the initial period of

Table 1 Properties of the materials

Material Density p, kg/m? Thermal conductivity Specific heat Thermal diffusivity
k, W/m-K C,.J/kg-K a x 10°, m?/s

Water (Liquid) 1000 0.56 4200 0.14

Ice 920 1.89 2036 1.01

Silicon 2330 150 709 90

Air? 1.18 0.03 1007 22

Copper 8934 401 385 117

“Air is evaluated at 25°C and one atmospheric pressure.
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Fig. 2 Sample microstructure and the wetting behavior of water: a)
SEM image of the microgrooved surface, viewed with an angle of 45°
from horizontal direction, b) the images of a droplet on untreated flat
silicon surface, and c) the image taken after droplets were deposited and
penetrated into the microgrooved substrate.
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Fig. 3 A unit cell of the periodic microgrooved sample surface with a
thin water layer.

the propagation, the front developed and moved at varying speeds.
When the temperature of the hot and cold ends decreased at the same
rate, resulting in a constant temperature difference between two ends,
the freezing front propagated in the water layer at a constant speed.
This period is called steady-state propagation in this study, and the
motion of the freezing front during the steady-state propagation is
investigated and reported in this paper.

B. Samples

Microgrooves were fabricated on silicon substrates using standard
photolithographic methods in a class-100 clean room. Silicon wafers
of test grade with a diameter of 4 in. and a thickness of 500 pm were
used as sample substrates. Material removal from the substrate, the
key step of the fabrication, was conducted using a PlasmaTherm
Inductively Coupled Plasma-Deep Reactive Ion Etching (ICP-
DRIE) system, which can produce vertical sidewalls for the etched
grooves and provide high aspect ratios of groove depth to its width.
(Detailed information about ICP-DRIE is reported by Yeom et al. in
[20].) This method creates well-controlled geometry of the micro-
structures on silicon sample substrates. An image of the micro-
grooves, which was obtained using a scanning electron microscope
(SEM) with an angle of 45° between the sample surface and the
horizontal direction, is shown in Fig. 2a. In comparing Figs. 2aand 3,
note that the dark region between two crests in Fig. 2ais a trough and

the water layer was deposited on the substrate with periodic crests
and troughs to form a test specimen.

The wetting behavior of water on the sample substrates was
characterized using a Cam 200 optical contact angle meter, and the
result is illustrated in Figs. 2b and 2c. When droplets of 22.0 &+
0.5 uL were placed onto the surfaces using a microsyringe, a
contact angle of 24° was formed on flat silicon substrates before the
fabrication, as shown in Fig. 2b. On the microgrooved substrates,
the droplets formed a thin film and penetrated into the grooves
instantly after the deposition, due to the capillary effect. Figure 2c is
an image recorded after a droplet was deposited on the grooved
substrate, and it shows that the contact angle of water on the
substrate disappears after fabrication. This behavior is caused by the
ion-etching in the ICP-DRIE process. This process significantly
reduces the surface energy at the water—substrate interface, and, as a
result, the contact angle of water on the substrate becomes near-
zero. lon-etching was also conducted after a rectangular glass frame
was installed on the grooved substrates, in order to obtain a near-
zero contact angle between the water—air interface and the top
surface of the glass frame and to ensure the flatness of the water—air
interface above the water layer.

The specifications of the test specimens are provided in Table 2,
and the geometric parameters are defined in Fig. 3. In comparing
Fig. 3 to Fig. 1, note that the configuration of the interface between
the water layer and the substrates is simplified as a straight line in
Fig. 1. Figure 3 illustrates the spatially periodic structure of the
microgrooved substrates. The grooves are designed to have identical
geometric parameters; two periodic structures, including two crests,
one trough, and two half-troughs, are shown in Fig. 3 as a unit cell.
The upper boundary and the bottom boundary of the unit cell are
water—air interface and silicon—air interface, respectively. In addition
to the geometric parameters shown in Fig. 3, the volumetric ratio of
the water above a trough (the region with diagonal lines) to the water
above a crest (the dotted region) is also listed in Table 2, for the
discussion in the Results and Discussion section.

C. Measurement and Uncertainty

The geometric parameters of the test specimens shown in Fig. 3
were measured using a SCM. The SCM field of view was calibrated
through imaging NIST—traceable 10 pm borosilicate microspheres
with an uncertainty smaller than £0.7 pm in diameter. A minimum
of 10 spheres were imaged and measured to determine the scale barin
the images obtained by the SCM. The geometry in the horizontal
direction (the x direction in Fig. 3) was measured from the SCM
images by comparing the distance with the scale bar. The geometry in
the vertical direction (the z direction in Fig. 3) was measured by
changing the focal plane of the SCM on different interfaces and
recording its vertical position [19]. For each specimen, 10 locations
were randomly selected to conduct the measurement, and an average
value is reported. The measurements obtained from the SCM were
compared with those from a contact profilometer, and the results
from these two instruments were found to be within 1.0 um. The
uncertainty in the geometry of the test specimens shown in Table 2 is
estimated to be £1 pum.

The propagation speed of the freezing front was determined from
the images obtained by the SCM in the experiments. An example
image of the front propagation is shown in Fig. 4. There are two
distinct regions in this image: the bottom region, with adjacent bright
and dark stripes, is the area with the microgrooves; and the upper,

Table 2 Specifications of the test specimens

Sample Crest width Trough depth Trough width ~Substrate thickness Water thickness ~ Volumetric ratio o

W, pm d, pm w,, pm d,, pm dy, pm
1 299 33 301 467 433 1.090
2 297 112 303 388 512 1.306
3 298 95 302 405 495 1.254
4 259 246 341 254 446 2.936
5 244 290 356 210 490 3.575
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Fig. 4 An example image captured during the freezing front
propagation experiments.

bright region is the untreated flat substrate. The bright stripes are the
crests, and the dark ones are troughs of the grooves. In Fig. 4, the
freezing front is the black line on the flat substrate in the upper region,
and itis in the third trough (counted from the left) of the grooved area.
Three symbols are imposed in each image: a time stamp at the upper
left corner, a timer in the middle, and a scale bar at the bottom right
corner. The time stamp is inputted by the LabVIEW program and
indicates the elapsed time (in seconds) since the start of the
experiment. This time stamp is consistent with the elapsed time used
to simultaneously record the thermal conditions in the experiments.
The timer in the middle of the image is added by the video recorder
and indicates the hours, minutes, seconds, and frame number of
the video images since the start of video recording. The scale bar
provides the standard length for the movement of the freezing front.
The average speed of the freezing front propagation on the crest and
in the trough was obtained from the image sequence recorded in the
experiments. The average velocity on the crest (or in the trough) is
equal to the distance that the front travels across the crest (or the
trough) divided by its traveling duration. The uncertainty in the
movement of the front is estimated to be &2 pm, and the uncertainty
in the period of front propagation is 0.015 s. The uncertainty in the
average speed of front propagation [21] is within £1.0 um/s.

To explore the relationship between the thermal conditions and the
front propagation speed, the speed of the water freezing point moving
on the silicon—air interface in Fig. 3 (i.e., the change of location on the
bottom of the substrate where T = 0°C versus time) is obtained. Four
thermocouples were installed on the air-side (bottom) surface of the
sample substrate and separated at equal distances between the hot
end and the cold end. During the steady-state propagation in the
experiments, a linear temperature distribution was observed on the
air-side surface of the sample substrate [19]. Hence, the position of
the water freezing point was determined by a linear interpolation of
the temperature measurements. The time period used to calculate the
speed of the water freezing front is the same as that used to evaluate
the freezing front speed. The time stamp at the upper left corner
(shown in Fig. 4) is employed to identify the temperature profile
corresponding to the front position and ensure that the calculated
speeds of the front and the water freezing point are based on the same
time. The uncertainty in propagation period is 0.5 s, and the
uncertainty in temperature is 0.1°C. The uncertainty in the speed of
the water freezing front [21] is estimated to be £0.5 um/s. The
experimental results are quantified and discussed in terms of the
average front propagation speed on the crests and in the troughs, and
of the average speed of the water freezing point on the air-side surface
of the sample substrate.

III. Simulation

A simulation based on heat conduction in the water layer on the
silicon substrate was developed to understand the propagation speed
of the freezing front, because heat conduction plays an important role
in the solidification of a thin layer [1]. The goal of this model is to
explore whether the speed of the freezing front over crests and

troughs is driven mainly by thermal effects or whether other factors
might be important. It is aimed at identifying the important physical
mechanisms, rather than providing an accurate prediction of
experimental data. The calculation is carried out using the
commercial software package FIDAP [22,23].

A. Problem Description

A unit cell, as shown in Fig. 3, was used as the spatial domain to
solve the conduction problem due to the periodicity of the micro-
grooves on the substrate. Two materials, water and silicon, are
contained in the unit cell, and the water layer contains both liquid
phase and solid phase. The steady-state propagation, during which
the temperature of the cold end and the hot end decreases at an
identical rate, was considered. The experimental setup was tested,
and the results showed that temperature variations in the direction
perpendicular to the vertical cross section (shown in Fig. 3) were less
than 0.3°C over the length of 30 mm (i.e., the thermocouples were
installed over the distance of 30 mm in this test) on the air-side
surface of the sample substrate. Hence, the problem was simulated as
a two-dimensional, transient solidification problem with a moving
solid-liquid interface in the water layer [19]. The mathematical
description of this problem is given below, and the material
properties used in the simulation are listed in Table 1.

In the solid phase of the water layer,

87‘\: BZTS aZTx
S (S L w w 1
T w(8x2 * 822) M

In the liquid phase of the water layer,

oT! 0°TL  9*T!
Lot Tw gt w w 2
PuCon =, w(8x2 * 822) @
In the silicon,
oT, T, 0°T,
C,,—=k|— s 3
Ps p.s Bt x(axz + 8Z2) ( )

The conditions used to match the temperature and heat flux at the
solid-liquid interface of the water are

T, T}
ks, == — kiy =" = p},Lv; 4
w 3711 w 8I7l1 Py Un] ( )
T, =T,=T; ®)

Similar conditions of temperature and heat flux are applied at the
silicon—-water and silicon—ice interface to match the thermal
condition between the two materials. These boundary conditions are

K, g}i K ?:2 —0 %)
TS =T, ®)
T, =T, &)

Moreover, thermal conditions are imposed on the outside
boundary of the unit cell. The heat flux in the z direction (as shown in
Fig. 3) into air at the water—air interface and the silicon—air interface
is estimated to be less than 5% of the latent heat released during the
front propagation [19]. Therefore, adiabatic conditions are good
approximations and are applied to the top and bottom boundaries of
the unit cell:
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The temperature boundaries on the left and the right sides of the unit
cell are derived from experimental data and expressed to vary linearly
with time. As mentioned previously in the measurement section, a
linear temperature distribution on the air-side surface of the sample
substrate was observed during the front propagation. The cooling rate
of the two ends is equal during the steady-state propagation. Hence,
these boundary conditions on the unit cell are

T.=A+K-t

(10)

an

T,=B+K-t (12)
where A, B, and K are constants obtained by curve-fitting to the
temperature measurement on the sample surface. The temperature
gradient AT/Ax = (B —A)/QQw, + 2w,) is equal to the temper-
ature gradient over the whole sample substrate.

The initial condition in this problem is associated with the
development of the freezing front. Because a freezing front is formed
before it propagates at a constant speed, a steady-state temperature
field with a solidification front in the water layer is used as the initial
condition for the system described by Eqgs. (1-12) without the time
and time-derivative terms; this initial temperature field is the steady-
state solution of the system, equivalent to those equations without the
time and time-derivative terms.

The problem described above is difficult to solve analytically,
because the source term in Eq. (4) is coupled to the temperature field
through the propagation speed of the freezing front and because the
location and the shape of the freezing front is to be solved as an
unknown. Analytical solution to such phase-change problems is
restricted to those with a simple geometry and simple boundary
conditions (such as the one-dimensional Stefan problem) [1].
Therefore, a numerical solution was pursued.

B. Numerical Method to Solve the Conduction Model

The freezing front in this study moves along the x direction in the
entire domain of interest. Therefore, an enthalpy method [23-25]
with a fixed grid is applied to obtain the numerical solution to
Egs. (1-12). At the freezing front, the jump in heat flux is
proportional to the latent heat, which corresponds to an isothermal
change in the enthalpy for water at its freezing point. To handle the
latent heat effect, the specific heat is modeled by

dH

C =

po =gr = Cpu(T) + LT —Ty)

13)

This approach reduces the problem with solid and liquid regions to
a single-region problem with rapidly varying properties at the
freezing front. In this study, a numerical approximation for the
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specific heat C,, ,,, based on temporal averaging [23,25], is employed
to ensure the accuracy of enthalpy method. The change in enthalpy
from the value at the previous time step and the change in temperature

from the value at the previous time step are used to obtain C), ,,:

__dH/dt
P AT dt

(14)

Thus, the specific heat at the integration points is evaluated from the
temperatures at these points using

_HT) - H(T:,)

C,w=
e T, =T,

5)

where the subscripts refer to time-step number. This method always
detects the passage of the solidification front at an integration point.
The specific heat is evaluated directly from the enthalpy—temperature
curve, which is specified as one of the properties in the simulation.
The FIDAP fluid dynamics analysis package (version 8.7,
FLUENT, Inc.) is used to obtain the solution, in order to understand
the behavior of the freezing front [19]. The finite element method is
employed to generate the discretized equations for each node. The
computational domain is meshed into nonuniform cells, with denser
grid points near the interfaces. The mesh of 72 x 128 cells is
employed, and further mesh refinement leads to the change in
temperature within 0.05°C. The trapezoidal rule is used to discretize
the temporal term in the system of equations. The time-step size is
selected using a variable time-integration procedure incorporated in
FIDAP [22,23] and is computed based on controlling the local
truncation error to be below 1.0 x 1073, The successive substitution
method is used to solve the equations at each time step, and
convergence is achieved when the relative errors in the nodal values
of the temperature and the relative errors in the residuals of the energy
equations are both less than 0.01. The correct use of FIDAP codes is
verified by comparing the numerical solutions of the one-
dimensional Stefan problem with its analytical solutions.

IV. Results and Discussion

The speed of the freezing front is reported during the steady-state
propagation when the temperatures of the cold end and hot end
decrease at the same rate. Figure 5 provides representative results
obtained from one experiment, and Table 3 summarizes the
experimental results with different samples and conditions. As
shown in Fig. 5, three speeds are quantified: v,, the speed with which
the front passes across one crest (as shown from point B to point C in
the figure insert); v;, the speed with which the front passes through
one trough from point A to point B; and v,, the speed of the water
freezing point (T = 0°C) at the air-side surface of the substrate
during the same period in which the front moves across the crest or

80

70

propagation speed (yum/s)

propagation direction
N crest
Aa:qc

0 20 40 60

80

100 120 140 160

time(s)

Fig. 5 Experimental data of the freezing front propagation (e.g., experiment no. 1).
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Table 3 Summary of the propagation speeds observed in experiments

Exp. no. vy, Lm/s Sample no. Ve, m/s v, um/s v, /vy v vy v/,
1 24.0 1 50.3 235 0.98 2.09 2.14
2 242 1 51.1 244 1.01 2.11 2.10
3 244 3 91.0 17.4 0.71 3.72 5.23
4 24.1 5 116.6 14.5 0.60  4.85 8.07
5 24.7 4 128.9 17.5 0.71 522 738
6 21.0 2 142.3 19.2 0.91 6.77 743
7 229 5 89.3 15.6 0.68 3.89 5.73
8 28.8 3 111.9 19.7 0.68 3.89 5.68

the trough. The data provided in Table 3 are the average speed as the
front traveled across multiple crests and troughs on one sample; the
data for every crest and trough of the substrate in each experiment (as
shown in Fig. 5) are documented in [19].

Eight experiments are presented in this paper, in order to show the
repeatability achieved with the experimental apparatus and the effect
of surface microgrooves on the front propagation speed at various
cooling rates. Because the motion of the freezing front is caused by
the continuous temperature decrease of the cold end and the hot end,
the movement of the water freezing point (7 = 0°C) is an important
measurement associated with the speed of the freezing front. Hence,
the experiments were designed to allow control of the cooling rates of
the cold and hot ends to provide different speeds of water freezing
point v, as shown in the second column of Table 3. Experiments
were first conducted with v, approximately 24.3 pum/s (ranging
from 24.0 to 24.7 pum/s), and were then conducted with v, varying
between 21.0 and 28.8 um/s. Another controllable parameter in the
experiments was the sample geometry, and different test specimens
were used in the experiments, as shown in the third column of
Table 3. Experiment nos. 1 and 2 are shown here as an example,
in order to demonstrate the experimental repeatability, and the
difference of the front propagation speed obtained from these two
experiments is less than 1 pum/s and within the experimental
uncertainty. The apparatus developed in this study is able to provide
highly repeatable experimental results.

The experimental data show that the microgrooves on the silicon
substrates significantly alter the speed of the freezing front in a thin
water layer. First of all, the speed of a freezing front is observed to
oscillate as the front propagates across adjacent crests and troughs.
The propagation speed on the crests is two to eight times that of the
speed in the troughs for the specimens used in these experiments. As
shown in Fig. 5, the front propagation speed on a crest or in a trough is
nearly constant when the water freezing point moves at a near-
constant speed. In comparison to the movement of the water freezing
point, the front moves at an equal or slightly slower speed in the
trough, as shown in Table 3, where the value of v, /v, is in the range of
0.68 to 1.01; the front propagates much faster on the crest, and the
value of v, /v, is more than 2.09 (the largest is 6.77 in experiment
no. 6). Hence, the silicon microgrooves periodically modify the front
speed when the front moves over a sequence of crests and troughs in
the water layer.

The substrate geometry and the speed of the water freezing point
vy have an impact on the change of the freezing front propagation
speed. The ratio of v, to v, is strongly correlated to the volumetric
ratio of the water above a trough to the water above a crest when the
water freezing point propagates at an equal speed on different
specimens. As given in Table 2 and illustrated in Fig. 3, the
volumetric ratio of test specimens 1, 3, 4, and 5 is 1.090, 1.254,
2.936, and 3.575, respectively. The value of v./v, from the
experiments with these specimens is 2.10, 5.23, 7.38, and 8.07,
respectively, when the water freezing point moves at the average
speed of 24.3 pum/s. This behavior indicates that the ratio of front
speed on a crest to that in a trough increases with an increase in the
water volumetric ratio. Furthermore, when v, increases in the
experiments with the same test specimen (cf. experiment no. 7 to 4
and cf. experiment no. 3 to 8), the ratio of v,. to v, increases, the ratio
of v, to v, increases, and the ratio of v, to v, decreases.

To benefit engineering applications where front speed is critical, it
is important to understand the mechanism causing the significant

changes of the freezing front propagation speed over microgrooves
observed in the experiments. The ratio of propagation speeds (v, /v,)
is observed to be related to the volumetric ratio of water, as discussed
above. Hence, one intuitive reason is that solidification takes more
time in a trough than on a crest, simply because there is more water to
be frozen above a trough than above a crest. To examine whether this
simple explanation is viable as the sole cause of the difference, a
wedgelike front (lines AA’, BB’, and CC’, shown in Fig. 6) is
assumed. If the large amount of water in a trough is the only reason
for the decrease in the front propagation speed, then it is reasonable to
assume that all other conditions remain the same in a trough and on a
crest. Thus, the instantaneous solidification rate v is equal
everywhere, and the shape of the front is repeatable on the periodic
structure of the grooves. Under this assumption, the ratio of the front
speed on a crest (v, = w./At, = w.v/(pV,.)) to the front speed in a
trough (v, =w,/Atr,=w,v/(pV,)) can be reduced to
(w./w,)(V,/V.). This ratio is equal to a(w./w,), because the ratio
of the water between lines AA’ and BB’ to the water between lines
BB’ and CC’ is equal to the ratio of the water above a trough to the
water above a crest. Based on the values of «, w,., and w,, given in
Table 2, this assumption significantly underestimates the ratio of the
front propagation speeds observed in the experiments. For example,
the value of a(w./w,) for sample no. 5 is 2.45, while the ratio of v, to
v,, obtained from experiment no. 4, is 8.07. Therefore, the difference
in water volume alone does not explain the difference in the speeds.
The freezing front may take a complex shape, and the local
solidifying speed may vary as the front propagates across the micro-
grooves.

The heat conduction model described earlier provides a better
understanding of the change in the propagation speed and the shape of
the freezing front. A comparison between the experimental data and
simulation resultis given in Table 4, with the dimensionless geometry
of the test specimens given in Table 5. Because only the leading edge
of the freezing front at the water—silicon interface is in the field of view
of the SCM (as shown in Fig. 1) and recorded in the experiments, the
point of 7= 0°C at the water—silicon interface in the simulation is
used to represent the leading edge, in order to make the simulation
results consistent with experimental data. In Table 4, the time period
required for the point of 7 = 0°C to move across the top edges of the

A’ B’ C’
water
freezing front
propagation
—
S\ A #\B g\C
crest
trough
silicon

.,

Fig. 6 Schematic of wedgelike freezing front associated with
volumetric ratio of the frozen water.



ZHONG, JACOBI, AND GEORGIADIS 205

Table 4 Comparison between experimental data and simulation results

Experimental data

Sample Exp.no. vy, um/s At.,s Art,s

Simulation results

AT/Ax,°C/mm —K,°C/s vy, um/s At.,s At,s

244 32 17.4
28.8 2.7 153
21.0 2.1 15.8
229 2.7 22.8
24.1 2.1 24.6

W W W
A~ 9 oo Ww

2.6 0.074 27.1 3.7 16.6
2.7 0.086 31.5 3.1 14.3
2.5 0.053 19.5 4.0 24.0
25 0.040 16.1 0.4 37.0
2.6 0.060 24.1 0.4 24.6

Table 5 Dimensionless geometry of the test specimens

Sample dw’ pm wc/dw d/dw wr/dw wc/(dw - d) wt/(dw - d)

2 512 058 022 0.59 0.74 0.59
3 495 060 0.19 0.61 0.74 0.61
5 490 050 059 0.73 1.22 0.73

grooves (as shown as points A, B, and C, in Fig. 5) is listed instead
of the propagation speed, because the propagation distance in the
simulation is set equal to that of the experiments, and thus the
comparison is essentially conducted through the time period of the
front propagation. In the simulation, AT/ Ax and K are derived from
experimental measurements, and v,, Az., and At, are calculated by
the model. The simulation results show that vy, At., and At, from the
model reflect the same trends observed in the experiments. The model
shows that the period for the front to cross a crest (Az.) is much
smaller than to cross a trough (Atz,), which is consistent with the
experimental observation, i.e., At, < Art,. This agreement between
experimental data and the simulation results indicates that the thermal
effect is the dominant mechanism for the speed oscillation of the
freezing front across the microgrooves. Moreover, for samples nos. 2
and 3, Az, and At, are of the same order of magnitude as Az, and At,,
respectively, and the difference between v, calculated from the model
and v, measured in the experiments is smaller than 3.0 pum/s. For
sample no. 5, At, underestimates the experimental measurement
Art,. This underestimation could be caused by geometric effects on
the heat transfer and fluid flow in the water layer above the
microgrooves [23]. As shown in Table 3, the difference between the
dimensionless geometry of the samples nos. 2 and 3 is less than 5%,
whereas sample no. 5 has a significantly different geometry. The
effect of fluid flow resulting from sample geometry is not included in
the heat-conduction model and thus cannot be captured by the current
simulation.

Microconvection could exist in the liquid phase, especially in front
of the moving freezing front [26-28]. Three forces might result in
convection in the liquid phase: buoyancy-driven convection due to
the effect of temperature variation on liquid density, surface-tension-
driven convection due to the temperature variation at the water—air
interface, and volume-change flow as a result of solidification.
Because the ratio of the solid phase to the liquid phase is 0.92 and the
solidification rate is small (in the order of tens of microns per second),
the effect of volume-change flow is negligible [26]. Furthermore, the
effect of buoyancy flow is also negligible, due to the small thickness
of the liquid layer (in the order of 0.5 mm) [27]. Thus, thermocapillary
flow due to surface tension is the only driven potential that
could possibly result in convection in this study. In the case of
thermocapillary flow, fluid is driven from hot to cold along the water—
air interface by the surface tension gradient and recalculated as it
approaches the freezing front. Turnover flow at the freezing front may
convect heat, and the shape of the freezing front deviates from the one
obtained from the heat-conduction model. For the conditions in this
study, the Marangoni number is smaller than the critical Marangoni
number for such convection to be important [19,29]. Nevertheless,
numerical simulation with convection of heat taken into con-
sideration might reduce the difference between experimental data and
simulation results in this study. Additional experimental measure-
menton the liquid phase would be useful to evaluate the impact of heat
convection in future study.

The isotherms obtained from the simulation are presented to
provide further insight on the effect of microgrooves on the
propagation speed and the shape of the front. The distribution of
isotherms shows that the microgrooves significantly modify the
temperature gradient in the region near the freezing front (isothermal
line of T =0°C) as the latent heat is released. Figures 7 and 8
illustrate the temperature distribution when the freezing front is in a
trough or across a crest (see [19] for further detail). As shown in
Figs. 7 and 8, the shape of the freezing front is wedgelike in the
trough but has a thin filmlike leading edge on the crest. The filmlike
leading edge is caused by the large temperature gradient in the z
direction on the crest. Because the thermal diffusivity of silicon is
approximately 600 times that of water and 90 times that of ice (the
properties of the materials shown in Table 1), the silicon acts as a fin,
and a large temperature gradient in the z direction is present near the
crest. Hence, as compared with when the front is in a trough, the
presence of a crest alters the isotherms and the direction of
conduction is mostly in the z direction. The leading edge, which is
observed in the experiments, is therefore found to cross the crest
much faster than the front propagating through a trough. The
microgrooves affect the temperature field and modify the shape and
the propagation speed of the freezing front through a heat-conduction
effect.

A B\ C D E F
H Isotherms:
ice freezing front\ Water T=—10.9°C
ropagation T3=_0~3°C
- T~ 0.0°C
Ty=0.3°C
T,=0.6°C
\\ o
crest crest T=09°C
trough
Z g
silicon
X
a)
A Bl Cc| D E F
ice water Isothermes:
freezing front I=—09°C
propagation Tg=—0.6°C
—_— T=—03°C
Ty=0.0°C
T=0.3°C
crest crest T=0.6 °C
trough
z e
silicon
X
b)

Fig. 7 Isotherms simulating experiment no. 6 (isothermal line of 7' =
0°C represents water—ice freezing front): a) the freezing front (line C) is
in a trough, and b) the freezing front (line D) is on a crest.
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A B\ C\D E F G
i Isotherms:
ice frerzz:gafizgt water m
_’p P Ty=—0.6°C
T=—0.3°C
crest crest Ty=0.0°C
T,=0.3°C
T,= 0.6 °C
T=0.9°C
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t.
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a)
A|B|C| D E F
; Isotherms:
. freezing front ==
ice propagation ~ water T=—10.9°C
Ty=—10.6°C
T~=—0.3°C
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T,=0.3°C
T,=0.6°C
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b)

Fig. 8 Isotherms simulating experiment no. 4 (isothermal line of
T = 0°C, line D, represents water—ice freezing front): a) the freezing
front is in a trough, and b) the freezing front is on a crest.

The impact of the microgrooves on the shape of the freezing front
due to the sample geometry is demonstrated qualitatively by
comparison of Fig. 8 with Fig. 7. The shapes of the front in
experiment nos. 3, 6, and 8 are alike due to the geometric similarity of
the samples, and so are the front shapes in experiment nos. 4 and 7
[19]. With a substantial increase in the geometric parameters d/d,,
and w./(d,, — d), the area ratio of the crest to the entire domain of
study increases. Comparing Fig. 7a with 8a, the slope of the freezing
front increases and the latent heat is transferred mainly in the x
direction for the case with the larger area ratio in Fig. 8a. On a crest,
the freezing front is nearly parallel to the x direction, resulting from a
small temperature gradient in the x direction and a large temperature
gradient in the z direction. This gradient leads to a small period of
time (as computed and listed as Az, in Table 4) for the point of
T = 0°C to move across the edges of the crest, and could result in a
very thin layer of the solid phase uniformly covering the crest during
this period for sample no. 5. Hence, the direction in which latent heat
is transferred is altered when the area ratio of the silicon grooves
increases: conduction in the z direction dominates on a crest, but in
the x direction it dominates in a trough, due to the large thermal
diffusivity of the grooves.

V. Conclusions

Freezing front propagation is important in a wide range of
engineering applications, and advances in microfabrication open the
possibility to manipulate the motion of the freezing front using
microstructures. In this study, the focus was on freezing front
propagation in a water layer above microgrooved substrates, with
attention to the condition under which a constant temperature
gradient is established and the water freezing point on the substrate
moves at a nearly constant speed. Experimental data were obtained to
investigate the effect of microgrooves on the speed of the freezing
front propagation, and numerical simulation was performed to
understand the behavior observed in the experiments.

The experimental results show that the propagation speed varies
when the front moves across adjacent crests and troughs. The
propagation speed on the crests is observed to be 2 to 8 times that in
the troughs of the grooves. The ratio of the speed on the crests to that
in the troughs increases with an increase in the volumetric ratio of the
water above the trough to the water above the crest. However, the
reason for the difference is more complicated than simply the amount
of the water to be frozen in a trough. The simulation demonstrates
that the microgrooves significantly modify the temperature gradient
in the vicinity of the freezing front, as the latent heat is released in the
troughs and on the crests. The results from the model are consistent
with the experimental measurements, and the simulation predicts
that the period for the front to cross a crest is much smaller than
that required to cross a trough. The thermal effect (conduction in
particular) is the dominant mechanism for the variations in the speed
of the freezing front on the microgrooves. The heat conduction on a
crest is mainly in the vertical direction, due to the large thermal
diffusivity of silicon, and a much faster front propagation results. The
shape of the freezing front, the impact of the sample geometry, and
the cooling rate of the system are also reported and discussed.
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