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Abstract

The thermal influence of a solid wall on the solidification of a sessile supercooled
water drop is experimentally investigated. The velocity of the initial ice layer propagat-
ing along the solid substrate prior to dendritic solidification is determined from videos
captured using a high-speed video system. Experiments are performed for varying sub-
strate materials and liquid supercooling. In contrast to recent studies at moderate
supercooling, in the case of metallic substrates only a weak influence of the substrate’s
thermal properties on the ice layer velocity is observed. Using the analytical solution
of the two-phase Stefan problem, a semi-empirical model for the ice layer velocity is
developed. The experimental data are well described for all supercooling levels in the

entire diffusion limited solidification regime. For higher supeEling, the model over-
estimates the freezing velocity due to kinetic effects @iififgliiiolectlatattachient @b
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(leseliasliguidpmtertace) which are not accounted for in the model. The experimental

findings of the present work offer a new perspective on the design of anti-icing systems.

Introduction

Icing of solid surfaces is an ever-present safety issue in many engineering systems. It poses
a severe hazard for aircraft' and ships,* but is also a frequent problem for road traffic,®
wind turbines® and power supply systems.”? Ice accretion may result from the impact of
warm water droplets on surfaces at subfreezing temperatures (road icing), the impact of ice
crystals on warm surfaces (jet engine icing) or from the impact of supercooled liquid drops
on cold surfaces (airframe icing). In all cases, a thorough understanding of the mechanisms
leading to ice accretion is of fundamental importance for the reduction or prevention of icing.
Depending on the particular icing mechanism, the physical processes taking place during ice
accretion are very different.

Ice accretion due to the impact of supercooled water drops depends on several physical
processes taking place in parallel or succession. It starts with the impact of a liquid drop, '™

is followed by nucleation of the moving liquid **'% and ends up with the solidification of the
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liquid in sucpe=sive stages, ultimately determining the actual shape of the drop.

The @F@EMIEH during drop impact depend in particular on the impact parameters, such
as the impact velocity and drop diameter. Together with the liquid properties, which may
strongly depend on temperature, the impact parameters determine the maximum drop
spreading, which represents the maximum iced area after a single drop impact. Nucle-
ation mainly depends on the liquid temperature,?®2! but may also be affected by the surface
properties,?® shear flow during impact,?? temperature gradients within the liquid as a con-
sequence of non-isothermal drop impact,?® or other mechanisms, such as gas bubble entrain-
ment during impact.!* In contrast to the aforementioned processes, the speed of dendritic

solidification of the bulk of a supercooled liquid just depends on one parameter: the liquid
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supercooling. %2427 However, in the case of solidification of a supercooled liquid in contact
with a solid wall, the solidification process is further influenced by the material properties
of the solid material. '8

Similar to the multitude of mechanisms taking place during ice accretion, also the number
of approaches for the reduction and prevention of icing are manifold.?® By utilizing super-

hydrophobic surfaces, these approaches are often based on a general increase of the freezing
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delay, a decrease of wettability resulting in drop repulsion before nucleation, reduc-
tion of the ice adhesion strength to the surface,®* or an increase of the drop mobility on the
surface to promote drop shedding.?®®

All of these approaches target processes before solidification, i.e. drop impact and nu-

8 observed a strong de-

cleation, and time always plays an important role. Kong and Liu!
pendence of the freezing velocity along a solid wall on the substrate’s material properties.
However, although the freezing velocity significantly influences the time available for drop
repulsion or shedding, to the authors’ knowledge, no anti-icing approach takes into account
the freezing process itself as a tunable mechanism during surface icing.

Therefore, in the present study, an experimental facility, first introduced by Schremb and

9 is used to investigate the thermal influence of a solid substrate on the solidifica-

Tropea,*
tion of a supercooled water drop. The facility enables two-dimensional examination of the
solidification process with a high-speed video system. Material properties are varied and
their influence on the solidification velocity along the substrate is outlined. Based on the
two-phase Stefan problem, a semi-empirical model is developed, allowing the prediction of
the ice layer speed depending on the initial liquid supercooling and the material properties of
the solid substrate. By demonstrating a strong influence of the substrate material properties

on the freezing process, the present study may serve as a building block for the future design

of anti-icing surfaces.



Experimental Method

The experimental method and first results including snapshots andljvideos of the overall
solidification process of a supercooled water drop at a solid wall have been introduced in
Schremb and Tropea.!'® Therefore, only a brief overview of the basic features is given here.
The setup consists of a cooling system and an optical observation system. The main part of
the co system is a vertically oriented Hele-Shaw cell consisting of two side walls made
of @EEFlIENEIASS) and an exchangable spacer at the base made of a variable smoothed material
which provides a constant distance between the side walls. Both the (ACESHEIEIESS sheets
and the spacer are stacked and fixed in an alumlgn base. A water drop ((NlEQEIPEIN

is trapped between the side walls and is

in direct contact with the spacer material as depicted in Fig. 1.

spacer

=

set screws brass strip

aluminum base

Figure 1: Schematic of the Hele-Shaw cell with an inserted drop.

The Hele-Shaw cell is placed on a cooling plate in a closed styrofoam chamber. Gaseous
nitrogen within the chamber prevents the build-up of frost and condensate on the cold
surfaces. A double glassed side window provides optical access to the styrofoam chamber
and the Hele-Shaw cell.

A thermocouple with a diameter of 0.5 mm is immersed into the spacer substrate of the
Hele-Shaw cell. While the temperature has been measured within the spacer in Schremb
and Tropea, ' in the present study, the thermocouple does not end in the spacer, but at its

surface, as shown in Fig. 2. Therefore, the liquid temperature is measured at the bottom of


According to the suggestion of the second referee, we've substituted "PMMA" and "plexiglass" by "acrylic glass" in the entire manuscript.
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the drop and the measurement is uninfluenced by thermal conduction within the spacer. No

significant influence of the thermocouple on the nucleation process could be observed.

dendritic front intersection rate

and dendriti

thermocouple

Figure 2: Two dimensional side view of the dendritic solidification of a water drop at approx-
imately —15°C entrapped in the Hele-Shaw cell. The drop temperature is measured with a
thermocouple ending at the bottom of the drop.

A high-speed video camera (Photron MC 2.1), LED illumination and a diffusor screen
are used to capture the solidification process by means of backlight shadowgraphy imag-
ing. Videos are recorded with a frame rate and optical resolution of 2000 fps and approx.
13 pm/pixel, respectively.

Water drops with volumes ranging from 1.5 ul to 10 ul are used for the experiments. The
liquid temperature ranges from —1.4°C to —19.3°C. Schremb and Tropea'? only used a
copper substrate to examine the freezing process along a solid wall. In the present study,
we expand these results by choosing substrate materials with thermal properties varying in

a wide range as summarized in Table 1.

Table 1: Density p, heat capacity c,, thermal conductivity k, thermal diffusivity a and
thermal effusivity € = \/@ of ice, water and the substrates used in the present study.67

E]
p p k a €
e | [mk] | [0 | [

m?K
Copper 8954 | 384 398 115.75 37000
Aluminum 2707 | 905 237 96.74 24100
Brass 8522 | 385 109 33.22 18900
Stainless steel | 8000 | 400 14 4.38 6700
Ice (0°C) 917 | 2100 | 2.215 1.15 2065
Water (0°C) | 1000 | 4219 | 0.562 0.133 1540

GTEEIESS | 1180 | 1260 | 0.19 | 0.128 531
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At the beginning of an experiment, a drop at room temperature is placed into the Hele-
Shaw cell, which is subsequently placed onto the cooling plate precooled to 0°C. Then the
cooling plate and the Hele-Shaw cell containing the water drop are simultaneously cooled
down at a moderate cooling rate of 0.2 K/s. For large supercooling, freezing automatically
starts due to heterogeneous nucleation at the liquid-solid interface. To allow observation of
the freezing process also for moderate supercoolings, in these cases solidification is triggered
with a thin piece of (ECEHEHEIASS brought into contact with the supercooled drop at the
water-air-substrate contact line.

Solidification of the liquid results in a fast warming-up of the drop. Therefore, the drop
supercooling is determined from the lowest temperature value before the sudden temperature

increase.

Results and Discussion

As described by Kong and Liu,'® and Schremb and Tropea,!? solidification of supercooled

water in the vicinity of a solid wall comprises three consecutive phases:

1. Heterogeneous nucleation at the wall is followed by the tangential growth of a thin ice
layer spreading over the substrate-water interface with a constant speed, which depends

a random position of the wetted substrate and is not preferential at the three-phase
(EORTACHNIRE) For supercoolings up to AT = 7K the velocity of the initial ice layer

strongly depends on the material properties of the solid substrate.'® However, Kong
and Liu,'® and Schremb and Tropea'® suggested that the solidification velocity is only

weakly influenced by the substrate material for larger supercooling.

2. For large supercoolings, the surface of the initial ice layer becomes unstable at a certain
position behind the tip of the ice layer resulting in the growth of single dendrites or

a front of numerous dendrites into the bulk liquid. The supercooling threshold for
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unstable growth was found as AT = 2.6 K in Kong and Liu'® and as AT = 4.7K in
Schremb and Tropea.!'® For supercoolings below this threshold, only planar growth of
the thin ice layer has been observed. It has been shown that also the position of the
first instability behind the tip and the morphology of dendritic solidification depends
on supercooling as shown in Table 2.1% The higher the supercooling, the closer to the
ice layer tip is the position of the first instability of the ice layer surface. While single
dendrites are observed for smaller supercooling, the dendrite density increases with
increasing supercooling, resulting in a dense front of dendrites for large supercooling.
Only small mutual influence of the dendrites has been observed. Therefore, all dendrites
propagate at approximately the same speed as a single dendrite.!® At the end of the
second phase, only a portion of the initially supercooled drop is frozen and a lattice
of dendritic ice fills out the entire drop. The latent heat released during solidification
has warmed up the water-ice mixture to thermodynamic equilibrium at the melting

temperature.

3. A further removal of heat results in stable freezing of the remaining water. The stable

freezing front in this phase moves in the opposite direction of the applied heat flux.

As shown above, several processes involving different physical mechanisms take place
during the solidification of a supercooled drop. The entire process is highly complex and
therefore it is convenient to split it up and to describe the different processes separately.
Accordingly, the focus of the present study is only on the first phase of solidification, i.e. the

rapid spreading of an ice layer over the substrate surface.

Experimental Results

Figure 3 shows the experimentally measured ice layer velocities for varying degrees of su-
percooling and substrate materials. For comparison, experimental data of Shibkov et al.?”

for the velocity of a single dendrite growing freely in supercooled water is also shown. In



Table 2: Freezing morphologies of the first phase of supercooled freezing depending on the
liquid supercooling. The tip of the initial ice layer is at the left side of each photograph and
inserted vertical lines indicate the position of first visible instabilities. (From Schremb and
Tropea.'?)

Description Supercooling Detail
K]
Planar 0..4.7 —
E Late dendrites 4.7..7.2 . |
Single dendrites 7.2..99 | —
Inhomogeneous front | 9.9...12.0 sl —-—
Homogeneous front 12.0... ] o

contrast to the solidification at the metallic surfaces, in the case of the (ACEFIEIEIASS sub-
strate no explicit growth of a thin ice layer has been observed. Therefore, the movement of
the intersection point of the dendritic front and the substrate surface (see Fig. 2) has been
assumed to be comparable to the ice layer propagation. The horizontal velocity of this point
is shown in Fig. 3. The solidification velocity on the(@CEIIEIBIASS substrate is very similar to
the velocity of a single dendrite. Thus, the (@CEFHEIEIASS substrate acts as an adiabatic wall

and does not thermally influence the solidification process in the near wall region.
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Figure 3: Layer velocity as a function of supercooling for varying substrate materials. Ex-
perimental data of Shibkov et al.?” for the velocity of a single dendrite growing freely in
supercooled water is also shown.
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However, as already observed by Kong and Liu,'® and Schremb and Tropea,!'® the ice
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layer velocity is drastically enhanced by the presence of a metallic substrate in comparison to
the velocity of a single dendrite. Furthermore, a strong dependence of the icer velocity
on the substrate material has been observed for supercoolings up to AT = 7 K HjiKengiaid
@@'® However, as shown in Fig. 3, in the case of metallic substrates the substrate material

only weakly influences the ice layer propagation velocity for larger supercooling.

Theoretical Modeling of Ice Layer Spreading

The solidification of supercooled water at a solid substrate has been theoretically described
by Kong and Liu.'® They modeled the propagation of the initial ice layer by considering
heat conduction in the supercooled liquid and the neighboring solid substrate. The ice layer
velocity was described using a parabolic coordinate system, a moving reference frame and a
length parameter to characterize the ice layer thickness.

In the present study we propose a simple model based on the analytic solution of the
two-phase Stefan problem. For its derivation, let us first have a look at the one-dimensional
case of ice layer growth, where solidification starts at the same time at each point of a surface.

Consider a semi-infinite slab, 0 < y < oo, of supercooled water initially at 17 < T,,, where
T, is the liquid melting temperature. At time ¢ = 0, the temperature T, is imposed at the
boundary y = 0, and solidification starts, resulting in a planar freezing front moving parallel
to the substrate surface into the supercooled liquid y > 0. The resulting temperature profiles

in the liquid phase and the growing solid layer are qualitatively shown in Fig. 4. In the case

solid supercooled
| liquid

<YH

h(t)
Figure 4: Resulting temperature profiles in the solid and liquid phase during planar freezing
of a supercooled liquid.

of Ty < T,, and T, < T,,, the latent heat of fusion is released in both the liquid and the
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solid phase, and the solidification process can be described as a two-phase Stefan problem.?®

Therefore, the temporal evolution of the ice layer thickness is

h(t) = 22/, (1)

where oy is the thermal diffusivity of ice and the parameter A is the root of the transcendental

equation
Ste n Sty _1 @)
M/Texp(A2)erf(\)  vAy/mexp((vA)?)erfe(vd)
The Stefan numbers are defined as
Cs Tm - Tc c Tm — T
T I ) .

where L is the latent heat of fusion, and ¢, and ¢ are the heat capacities of ice and wa-
ter, respectively. The parameter v in Eq. 2 is the square root of the ratio of the thermal
diffusivities of ice and water

v=,—. (4)

In reality, solidification does not start at the same time over the entire substrate surface,
but only at a single nucleation site on the solid surface. Nucleation at time ¢ = 0 and position
Z = 0 is followed by the radial spreading of a thin ice layer over the substrate with a constant

velocity vy. 19 Solidification at an arbitrary point # on the surface starts at time

t=|7|/vx. (5)

Since the spreading velocity v, is constant in time and space, it is sufficient and convenient
to reduce the problem to two dimensions and to examine the ice layer growth in a plane,
normal to the solid substrate and normal to the contact line between the ice, the surrounding

water and the substrate, resulting in a cross-sectional view of the ice layer as schematically

10



shown in Fig. 5. E

Consider a coordinate system moving with the spreading ice layer and with its origin at
the tip of the ice layer. In this moving reference frame, the ice layer thickness far behind the

tip can be estimated from Eq. 1 and 5 as

h =2\ las—. (6)

The underlying physical mechanisms of the ice layer growth are similar to those during
the growth of a single dendrite. Therefore, it is reasonable to assume the temperature
profile around the ice layer and the ice layer itself to be of parabolic shape.'®?* Using this

assumption, a second relation for the growing ice layer is obtained as

h = V2Rz, (7)

where R is the tip radius of the ice layer, as shown in Fig. 5.

T

R
T X

Tw substrate

Figure 5: Cross-sectional view of the modeled ice layer.
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Equating Eq. 6 and 7 yields the horizontal velocity of the ice layer

222
= 8
R (8)

Ux

where A is calculated from Eq. 2.

In the case of an infinite thermal conductivity of the substrate, the characteristic temper-
ature of the substrate surface far behind the tip, 7., would be equal to the initial substrate
temperature T,,. However, in the case of an adiabatic substrate, the surface temperature
would be T, = T}, and tolidiﬁcation process would not be affected by the presence of the
snbsiate. as indicated above for RGNS 2 » low-conductivity substrate (Fig. 3). Fin
a finitely conductive substrate, Ty, < T. < T,,. From analogy with two semi-infinite solid
slabs suddenly brought into contact with each other,3’ we estimate the surface temperature

T, at a position far behind the ice layer tip to be

STm WTW
T, = Sim T Cwlw (9)

€ + €w

The calculation of the ice layer speed for a given supercooling involves the estimation of
the interface temperature using the initial temperatures and material properties in Eq. 9,
the calculation of the parameter A\ with Eq. 2 and finally, the calculation of the velocity
i = The waterial propesties for the caleulations are all taken from Table 1, fe. for
As seen from these relations, the substrate thermal properties are
included into the theoretical model through Eq. 9. They implicitly influence the speed of the
ice layer by affecting the temperature 7T, of the substrate surface below the ice layer. The
larger the thermal effusivity of the substrate material, the smaller is the warming up of the
surface below the ice layer and consequently, the larger is the enhancement of the speed of
solidification through the presence of the substrate. The temperature rise of the substrate,
T. — Ty, calculated with Eq. 9 for an initial substrate temperature 7, = —10°C and the

examined substrate materials is examplarily shown in Table 3.

12
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Table 3: Estimated temperature rise of the surface, T, — T}, due to solidification calculated
with Eq. 9 for varying substrate materials and an initial substrate temperature T, = —10°C.

substrate T. — T,

material K]
Copper 0.53
Aluminum 0.79
Brass 0.98

Stainless steel 2.36

GETleEEsS | 795

The tip radius R, which is the only free parameter in the theoretical model, is obtained by
a least-squares fit of Eq. 8 to the experimental data. As observed by Schremb and Tropea!'®
for the solidification of supercooled water at a wall and by Shibkov et al.?” for a single
dendrite growing freely in supercooled water, above a certain supercooling the solidification
process is affected by kinetic effects of molecular attachment at the ice-water interface. While
the threshold for a single dendrite was found for supercoolings of AT > 4K, this effect was

observed for AT > 10K in the case of the solidification at a wall.!” The present theoretical

model only accounts for heat conduction and neglects kEic cffects involving a decreasing
OB O eSO TSR TeES OIS HPERE0OUEERD | rcfore, Eq. § is fitted to the

experimental data only in the range AT < 10K to obtain the tip radius R for the so-called
diffusion-limited growth regime. Since no ice layer growth has been observed for solidification

on the @CEFHEIBIASS substrate, the fitting is not applied to the data obtained with the(@CH®
BI&8S) substrate.
Figure 6 shows a comparison of the experimentally obtained layer velocities (circles) and

the values theoretically calculated (lines) with the tip radii shown in Tab. 4 for all metallic

ials. The error of the temperature measurement is estimated as +0.3K.
Based on the frame rate and pixel-resolution of the high-speed video system, we estimate
Ol SRRSO s shown in the figure,

the experimental data for AT < 10K is well described by the theoretical model for all

substrate m

13
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Figure 6: Ice layer velocity vy depending on supercooling AT for different substrate materials
and the tip radii summarized in Tab. 4. Comparison of experimental data (symbols) and
the tip velocities theoretically modeled (lines).

substrate materials in the diffusion-limited growth regime. It is worth to note that the tip
radius of the spreading ice layer is independent of the supercooling. However, in the case of
a single dendrite growing freely in a supercooled melt, the tip radius depends on the liquid
supercooling. It can be calculated using the marginal stability theory by Langer and Miiller-

10712 which is based on a linear stability analysis for a planar freezing front.*? In

Krumbhaar
the range of supercooling examined in the present study, the tip radius of a free dendrite
varies over two orders of magnitude between approximately 80 nm and 3 um. According to
the theory, a tip radius of a propagating ice layer of R = 350 nm corresponds to a single
dendrite growing in a supercooled melt at approximately —7.7°C. However, the reason for
the constant tip radius in the case of a spreading ice layer is not clear and deserves further

investigation.

As shown in Tab. 4, the tip radii for the different substrate materials vary by only 14 %

14



Table 4: Tip radius of the initial ice layer (Fig. 5) for varying substrate materials, obtained
by fitting Eq. 8 to the experimental data for the supercooling range AT < 10 K.

substrate tip radius
material [nm)|
Copper 330
Aluminum 374
Brass 358
Stainless steel 329

and no correlation with any of the material properties shown in Tab. 1 can be observed.
Therefore, we assume the tip radius to be a constant, which is not only independent of
the supercooling, but also of the substrate material. Using the experimental data for all
substrate materials (excluding (ECEYHEIBIASS) for fitting of Eq. 8, we obtain R = 352nm
for the metallic materials. Figure 7 shows a direct comparison of the experimental and
theoretical data for the ice layer velocity calculated with a constant tip radius R = 352 nm.
The solid line represents perfect agreement between the calculated and the measured values.
Even with the constraint of a substrate-independent tip radius, the theoretical model remains
in very good agreement with the experimental data in the diffusion-limited growth regime.
For layer velocities larger than 0.2m/s, an increasing deviation between the theoretical and
experimental data is observable; the model overpredicts the layer velocity.

Figure 7 also shows a comparison for the data obtained on the (ECEIEIEIASS substrate.
The experimental data for (CEFIEIGIASS is not used for the calculation of the tip radius R,
and no distinct ice layer growth is observable on (@CENHEIBIESS) Nevertheless, the agreement

between the modeled growth velocity and the experimental values is very good.

Summary and Conclusions

The solidification of supercooled water close to a solid substrate has been experimentally in-

vestigated for temperatures down to —19.3°C. A Hele-Shaw cell combined with a high-speed

15
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Figure 7: Comparison of the theoretically modeled and experimentally measured layer ve-
locity for all substrate materials. A constant tip radius of R = 352nm was used for the
calculation of vy.

video system have been used to examine the influence of the substrate material properties
on the spreading of a thin ice layer along the solid substrate prior to dendritic solidification
of the bulk liquid.

The initial ice layer has only been observed in the case of metallic substrate materials.
In the case of an @CEFIENEIASS substrate, the ice layer propagation has not been observed
and the solidification process is not affected by the presence of the substrate. Therefore, the
dendritic front close to the substrate propagates with the same velocity as in the bulk of a
drop, which is comparable to that of a single dendrite. In the case of a metallic substrate,
the solidification velocity is drastically increased at the substrate surface. For supercoolings
up to 7K, Kong and Liu'® observed a strong influence of the substrate material properties
on the velocity of the initial ice layer. However, we found only a slight dependence on the
material properties for- of metallic substrates in the investigated temperature range.

The propagation of the initial ice layer in the diffusion-limited growth regime has been
theoretically modeled. Based on the analytic solution of the two-phase Stefan problem, the

model explicitly incorporates heat conduction in the supercooled liquid and in the growing

16
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ice layer. Heat conduction in the solid wall, which is the origin of the increased velocity
in the case of the metallic substrates, is implicitly accounted for by the estimation of the
surface temperature below the ice layer. It is calculated using the equation for the contact
temperature between two semi-infinite slabs of different temperature suddenly brought into
contact. The only free parameter in the theoretical model is a length scale characterizing
the tip radius of the propagating ice layer. It has been found by a least-squares fit of the
theoretical model to the experimental data, and it has been shown that this parameter does
not depend on the substrate material and is furthermore constant for the entire diffusion
limited growth regime. The reasons for the constancy of the tip radius are not clear so far
and therefore deserve further examination. However, the experimental data in the range
of supercoolings AT < 10K is well described by the semi-empirical model. For higher
supercoolings, kinetic effects - which are not accounted for in the model - become important.
These effects involve a decreasing speed of molecular attachment at the ice-water interface,
which results in smaller velocities than predicted with the presented thermal model.

Most approaches for icing reduction and prevention only consider physical mechanisms
prior to nucleation, i.e. when the liquid is still able to detach from the surface without freezing
on it. These approaches comprise the reduction of the contact time and enhancement of drop
rebound, or the increase of the freezing delay; and involve time as an important parameter.
To the authors’ knowledge, until now, no approach involves the processes taking place after
nucleation, when there is no turning back from icing of the surface; although the possible
potential is obvious: The freezing velocity at a solid substrate determines the time-scale of
drop freezing, and hence the time available for processes such as drop rebound and flow-
induced shedding of water from the surface. As shown in the present work, the freezing of
supercooled water at a solid substrate may be slowed by a factor of approximately three
by switching from a metallic substrate to an insulator such as(@CEylIEIgIASSY Therefore, the
choice of the substrate material offers large potential for the optimization of icing prevention

systems. It won’t be possible to manufacture aircraft parts from a polymer like{@eEliCISIASS)
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but suitable polymer coatings will probably have the same effect, as long as the coating is
thicker than the characteristic length scale of the thermal boundary layer in the substrate.
Finally, the derived theoretical model provides a deeper insight into the influential mecha-
nisms during ice accretion, and may be used to estimate the suitability of substrate materials
for anti-icing applications by means of an accurate a-priori estimation of the surface freezing

rate.
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